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CHAPTER I 
IINTRODI.'CTION 
1.1 HISTORICAL NOTE 
Beams of directed neutral particles have been studied for many years and 
excellent reviews (FRA 31, FRA 37, HAM Ui, BES 1+2, KEL 1+6, EST 1+6, SMI 55, 
RAM 56, SCH 57a, KUS 59) on molecular beam research have become available in 
the physical literature. Among them Ramsey's book (RAM 56), which treats 
many aspects of molecular beam experiments, and the paper of Kusch and Hughes 
(KUS 59) on beam spectroscopy give an excellent picture of the state of 
knowledge in about 1957· However, there has been considerable progress in the 
past ten years in molecular beam techniques and experiments. A review of these 
developments is lacking thus far. 
Molecular beam techniques have been introduced by Stern and Gerlach 
(GER 22, STE 26) in a historic experiment bearing their name. This experiment 
was the first direct proof of spatial quantization, demonstrating the split­
ting of a beam of silver atoms into two beams due to the two possible 
orientations of the uncoupled electron spin. 
Similar deflection methods have also been used in the period 1930 - 1937 
to measure the magnetic moments of the proton and deuteron (FRI 33, EST 33a, 
EST 33b, EST 37) and the rotational magnetic moments of molecules (KNA 26). 
Since the introduction of the molecular beam resonance method by Rabi 
(RAB 36) most molecular beam experiments have been applications of this 
method. The magnetic resonance method allowed for the first time precise 
determination of magnetic moments of nuclei and atoms (RAB 39, KEL 39, 
KUS 39), of the magnetic moment of the neutron (ALV l+O), and of the rotational 
magnetic moments of light molecules (RAM 1+0). The electric resonance method 
has been introduced by Hughes in 19^7 (HUG 1+7). In the following the two 
resonance methods will be indicated by MBMR and MBER. These abbreviations 
stand for the molecular-beam magnetic-resonance method and for the molecular-
beam electric-resonance method, respectively. 
Many experiments using molecular beams cannot be classified as belonging 
to the MBMR or MBER type. Notable examples are experiments on the Lamb shift 
(LAM 50) and the maser experiments which started in 195^ (GOR 5Ό· 
1.2 PRINCIPLE OF BEAM RESONANCE APPARATUS 
A molecular-beam magnetic- or electric-resonance apparatus generally 
consists of a vacuum chamber with two or more compartments connected by small 
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slits or holes. One compartment contains a source of the molecular beam, also 
called oven. Its temperature yields a pressure of the substance under inves­
tigation of the order of 0.01 to 10 Torr. The molecules of the substance 
effuse through a narrow slit or circular hole of about 0.1 mm2 area and reach 
a detector of similar entrance area. 
The distance between oven and detector varies from one to about two 
meter. The mean free path of the molecules should be much larger than the 
overall length of the apparatus, because even collisions with a scattering 
angle of 5x10~5 rad influence the beam signal. Nowadays this gives no problem 
as a vacuum of 10 7 Torr can be obtained fairly easily. For alkali-halide 
molecules such low pressures give rise to a mean free path of 50 to 200 m. 
The detector is usually a Pirani device, a hot wire or an electron 
bombardment ionizer. The hot wire detector produces a signal proportional to 
the number of striking molecules, the other detectors a signal which is 
moreover proportional to the time the molecules remain in the detector region. 
Between oven and detector the beam passes in succession an inhomogeneous 
field (ΞΑ-field), a homogeneous field (sC-field), and again an inhomogeneous 
field (ΞΒ-field). The A- and B-fields are magnetic for MBMR, and electric for 
MBER. In the first case the A- and B-fields deflect molecular magnetic dipoles, 
in the second case they deflect electric dipoles. 
The force F acting upon a neutral atom or polar molecule in an inhomo­
geneous external field Ê is given by: 
F = - grad W = - — . grad E = u . grad E 
where W is the energy of the atom or molecule in the field Ë and y is the 
ef f 
effective dipole moment. For fixed values of grad E in the A- and B-field 
regions only atoms or molecules with a certain effective dipole moment u(c) 
will reach the detector. At certain frequencies of an oscillatory field 
applied in the C-field region transitions are induced from a state with 
μ = м(с) to a state with μ 4 μ(ΰ). For such frequencies the signal at 
the detector decreases (flop-out) or increases (flop-in). 
As Stark effect and hence W and μ „ depend on the rotational quantum 
number J ала the projection quantum number M one can select in a MBER 
experiment molecules in a specified (J,M )-state. It is far more difficult to 
deflect ^Σ molecules using magnetic fields, because magnetic moments of nearly 
all ^Z molecules are of the order of one nuclear magneton only. Moreover, the 
use of the Zeeman effect to deflect the molecules in a MBMR apparatus implies 
that only differences in M give rise to differences in deflection. Neverthe-
J 
less, MBMR techniques have been used to obtain information about hyperfine 
structure of molecules (NIE 1*7, LOG 52, ZEI 52, BOL 52, BEM 55, МЕН 66). 
1.3 SUMMARY OF MEASUREMENTS ON 1Σ MOLECULES BY MBER 
Most research with MBER has been devoted to the alkali- and thallium-
halides in the 1Σ state. The molecular constants, which have been measured 
by MBER, together with their usual symbols, are shown in Table 1.1 (TOW 55, 
RAM 56). 
Table 1.1 Molecular constants as measured by MBER. 
Name of the constant 
rotational constant 
electric dipole moment 
quadrupole interaction constant of i-th nucleus 
spin-rotation interaction constant of i-th nucleus 
tensorial part of the spin-spin interaction 
scalar part of the spin-spin interaction 
rotational magnetic moment* 
tensorial part of magnetic shielding * 
tensorial part of molecular susceptibility * 
Symbol | 
В 
μ 
eq-Q. 
С. j_ 
dT 
d 
s 
VJ 
σ
τ 
ζ
τ I 
* These constants can only be measured in MBER 
spectrometers equipped with a magnetic C-field (DRE 6l). 
Hyperfine transitions AJ = 0 as well as microwave rotational transitions 
AJ = ± 1 have been used to measure the MBER spectra. The radio frequency 
transitions àJ = 0 allow precise determinations of the ratio μ2/Β. To obtain 
accurate values of μ and В separately one has to use AJ = * 1 transitions. 
The smallest line width that can be obtained with àJ = 0 transitions is 
nearly the expected line width according to the uncertainty principle. The 
line width in experiments utilizing microwave transitions varies from 1.5 
(LEE 53) to 10 times (HEB 6k, BRE 65) the uncertainty width. Thus the two 
types of transitions do not compete but supplement each other. 
With the first MBER experiment Hughes (HUG ¡47) measured the constants 
μ and В of the CsF molecule. The considerably improved resolution of the MBER 
spectrometer of Trischka (TRI U8) allowed the measurement of the quadrupole-
k 
and both spin-rotation interaction constants of the CsF molecule. Braunstein 
and Trischka (BRA 55) were first to measure the tensorial spin-spin inter­
action, while Graff (GRA 50) had to include in the interaction Hamiltonian 
a term with a d dependence to fit experiment and theory. In 1957 Russell 
(RUS 57) was able to measure the magnetic moment μ by replacing the 
electric C-field in a MBER spectrometer by a magnetic one. Drechsler and 
Gräff (DRE 6l) elaborated upon the idea of Russell by using a MBER spec-
trometer with combined electric and magnetic C-field. All constants listed 
in Table 1.1 could be measured with this spectrometer. 
De Leeuw (LEE 65) has compiled the most accurate values of measured 
constants of the alkali- and thallium-halides up to I965. All hyperfine 
constants of the alkali-fluorides and the non-magnetic constants of the 
lithium-halides are known with great precision (WHA 6k, HEB 6h, BOE 6k, 
HOL 6k, GRA 65a, GRA б5Ъ, BRE 65, ZOR 66, GRA 67a). For alkali-halides 
with smaller В values only less accurate results are available, whereas 
on 50$ of all alkali-halides no MBER measurements have been performed thus 
far. The reason is that with decreasing В value the fraction of molecules 
in the lowest rotational state and the deflection efficiency with dipole 
fields or focusing efficiency with quadrupole fields (BEN 5*0 decrease. 
The total intensity of a state-selected molecular-beam becomes prohibi­
tively low especially for В values below 1500 MHz. For these molecules 
the intensity is enhanced by using higher rotational J-states. The 
selection efficiency limits, however, the value of J to J < k. Rotational 
constants of these heavy molecules have been obtained using a millimeter 
wave spectrometer for high temperatures (RUS 62, CLO 6k), while some μ 
values were determined from MBMR experiments (MEH 66). 
Alkali-halide molecules need oven temperatures from 700 to 1100OK. 
At these temperatures only a very small (10 3 - 10 5) fraction of all 
molecules is in a given (J,M )-state with J = 1 or 2. This necessitates 
(J 
the use of a sensitive detector. The Langmuir-Taylor detector is an almost 
ideal molecular beam detector with its ionization efficiency of nearly 
100 per cent for metal atoms having ionization potentials below б eV. The 
basic part of this detector is a hot tungsten surface which dissociates 
the striking molecules ала ionizes the resulting metal atoms. Unfortunately, 
usefulness of the Langmuir-Taylor detector is limited to alkali-halides; 
in some special cases this detector has been used to detect other substances 
as Al, Pr, La (LEW U9, LEW 53) or halogen atoms (DAV 1+9, KIN 5^, JAC 5І+). 
Weiss (WEI 63) constructed a molecular-beam electric-resonance spec-
5 
trometer equipped with an electron bombardment detector having an efficiency 
of 0.01. With this spectrometer he measured the c. and d
m
 constants of the 
ι Τ 
hydrogen fluoride molecule. During his measurements the fraction of mole­
cules in the J = 1, ν = 0 state was as large as Зб per cent at an oven 
temperature of 225 K. 
1.U THE PRESENT INVESTIGATION 
In this thesis we describe the construction of a MBER apparatus and 
its application for the measurement of the hyperfine interaction constants 
and the dipole moments of the alkali-halides KF and KCl. 
The molecule 3 9K 1 0F has been extensively investigated by MBER (GRA 50, 
SCH 57ΐ>, GRE б0, GRA бз). For this reason it has been used as a test case 
for the present spectrometer. Special attention has been given to the 
vibrational dependence of the dipole moment and quadrupole interaction 
constant. The results for the quadrupole-, the spin-rotation-, and the 
spin-spin interaction constants are in very good agreement with the results 
of the Bonn group (SCH 57b, GRA 63). The results for the dipole moments 
differ, however, more than would be expected from the uncertainties reported 
in the values given by Graff and Runolfsson (GRA бз) due to an error in 
their determination of the field strength (GRA 67b). 
For ^ K 1 9 ? the values of the quadrupole interaction constant and of the 
dipole moment have been determined. The error in the dipole moment is mostly 
due to the error in the calculated value of the rotational constant. 
The spectra of 3 9K 3 5C1 and 3 9K 3 7C1 were measured only once in the past 
in a MBER experiment by Lee et al. (LEE 53). The sign of the Cl-quadrupole 
interaction constant could not be fixed unambiguously in Lee's experiment, 
and the vibrational dependence of the K-quadrupole coupling constant was 
determined very poorly. The reported dipole moment of 3 9K 3 5C1 was larger 
than the dipole moment of 3 gK 7 9Br as measured by the same group (FAB 53). 
This contradicts the general rule that the values of the dipole moments of 
the alkali-halides increase with atomic number of the halogen atom. Moreover, 
the variation of the dipole moment with vibration as given by Lee et al. is 
larger than would be expected from comparison with other alkali-halide 
molecules. For the above reasons a new investigation of the KCl-spectrum 
seemed valuable. 
From the present experiments the values for the dipole moments and 
quadrupole interaction constants for the vibrational levels ν = 0 through 
It of 3 9K 3 5C1 and ν = 0, 1 of 3 9K 3 7C1 have been determined with much higher 
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accuracy than given by Lee et al. The sign of the Cl-quadrupole interaction 
constant has been fixed unambiguously. The present values for the spin-
rotation- and spin-spin interaction constants, which could not be determined 
from Lee's experiments, have poor relative accuracy because of their small-
ness. 
The present experimental values of the quadrupole interaction constants 
and the dipole moments for 39K35C1 and 39K19F show that the vibrational 
dependence of these constants can be written as a quadratic equation in 
(v + | ) . The new values for the dipole moments of 39K35C1 and 39K37C1 agree 
reasonably well with the values expected from the ionic model. 
The measured constants can serve as an excellent test for wave functions 
of KF and KCl. However, no such wave functions exist. Only for the lightest 
alkali-halide molecule LiF a reasonable wave function is known (RAH 60). 
The ionic model of Rittner (RIT 51 )¿ is used to calculate the dipole 
moments of the alkali-halides. These calculations require polarizabilities 
of the ions constituting the molecule. Agreement is found between the 
experimental and calculated values of the dipole moments (WIJN 66) if one 
takes for the polarizabilities of the halide ions values which are about k0% 
lower than the calculated values. By introducing a variation of the polari-
zability with vibrational state, agreement is also found for the vibrational 
dependence of the dipole moments (Chap. V). 
Sternheimer (STE .50, STE 51) introduced quadrupole anti-shielding 
effects in the theory of the gradient of the electric field at the nucleus 
of an ion. Sternheimer's theory explains the quadrupole interaction constants 
at the alkali sites very well but fails to explain those at the halide sites 
in the alkali-halide molecules. These discrepancies are probably due to the 
fact that the electron distribution of a halide ion in an alkali-halide 
molecule is more deformed than assumed by the ionic model (Chap. V). 
Two emperical formulae for the spin-rotation interaction constants 
are presented in Chap. V. These account fairly well for the measured values. 
No rigorous theory exists at this moment which explains these values. 
The general conclusion of Chap. V is that the ionic model is too simple 
a starting point for the explanation of molecular constants. Calculations 
from first principles have to be performed in order to get the molecular 
wave functions and molecular constants. 
CHAPTER II 
DESCRIPTION OF THE MBER SPECTKOMETER 
2.1 INTRODUCTION 
The present spectrometer is of conventional design and most of its com­
ponents are modifications of those published in the literature. In this 
chapter a somewhat detailed description of the spectrometer is presented. A 
general survey of the construction is given in the following section, while 
later sections are devoted to detailed descriptions of the various compo­
nents of the apparatus. 
2.2 THE VACUUM CHAMBER 
The vacuum chamber housing the beam-part of the spectrometer is a 
stainless steel tube, 1950 mm long, 300 mm in diameter with a wall thickness 
of 0 mm. It is divided by flanges into three compartments called oven-, 
buffer-, and main chamber. Transit holes for the beam of 1.5 mm diameter are 
drilled in these flanges. The compartments are pumped separately using oil 
diffusion pumps of Edwards Co. For the oven chamber we have utilized a 600 
Is"1 water baffled pump, for the buffer chamber a 120 Is - 1 liquid air baffled 
pump, while the main chamber is evacuated by two 600 Is"1 liquid air baffled 
pumps. The length of the different compartments along the beam direction, the 
effective pumping speed, and the pressures at working conditions are given in 
Table 2.1. 
Table 2.1 The vacuum in the different compartments. 
[Name of the compartment 
Lenght along beam-axis 
Pumping speed 
Liquid air cooling? 
Vacuum at working conditions 
oven chamber 
120 mm 
1+00 Is"1 
no 
2 χ 10 - 6 Torr 
buffer chamber 
80 mm 
60 Is"1 
yes 
5 χ 10"7 Torr 
main chamber 
1750 mm 
600 Is"1 
yes 
1 χ 10~7 Torr 
A large number of holes, about 25 mm in diameter, have been drilled 
through the wall of the vacuum chamber. These holes are closed by square 
flanges similar to the Balzer's NW 27 type. All electrical terminals have 
been constructed with ceramic seals (Ceramaseal Co.) which have been welded 
to the square flanges. The flanges axe closed with viton 0-rings. 
TTie opening connecting the oven- with the buffer chamber can be closed 
о 
with a valve mounted on the separating flange. This provision maintains a 
high vacuum in the main chamber when the ovens are being refilled. 
A hexagonal mounting bar has been welded into the main chamber. The 
quadrupole state selectors, the velocity selector, and the plate upon which 
the C-field is resting are attached to this bar. Only the oven, a beam stop, 
of 0.6 or 0.8 mm diameter, and the detector are adjustable from outside the 
vacuum chamber. 
2.3 THE OVENS 
The cylindrical ovens used in the present experiments have an outer 
diameter of 20 mm and a length of 60 mm. They are made from heat resisting 
steel. The cylindrical useful volume of an oven is about k cm3. All ovens 
have circular beam exit holes with diameters ranging from 0.3 to O.k mm. An 
ordinary steel bolt and an annealed copper gasket close the rear side of the 
oven. 
A loaded oven is placed into a 90 mm long cylindrical boron nitride 
tube. A six meters long tungsten wire of 0.3 mm diameter has been wrapped 
around it. The winding density is highest in the vicinity of the beam exit 
part of the oven. The tube is held in position with two stainless steel discs 
attached to a water cooled brass housing. One end of the latter is attached 
to the flange separating the oven and the buffer chamber. Long grooves in the 
brass housing near the flange make the other side of the housing slightly 
movable by two rods attached to it. The brass housing and the oven are adjust­
able externally by means of bellows. 
The working temperature of an oven loaded with KF is 1000 K, which gives 
a vapour pressure of about h.Q χ 10 2 Torr (LEE ббъ). The required electric 
power is l60 Watt, taken from a stabilized line voltage supply. To obtain a 
stable beam the oven is kept at 200 С for at least twelve hours to drive out 
the water present in the sample. Though the front part of the oven is at a 
slightly higher temperature than the rest of it, instabilities in the beam 
signal cannot be avoided at temperatures above 1050 K. Placing of some thin 
steel wire in the oven to get a more uniform temperature, a method suggested 
by some investigators, gives no improvement. The instabilities become worse 
when the exit holes are smaller than 0.3 mm in diameter or when channels are 
used instead of holes. At 1050 К a load lasts a few days. 
In our experience frequent short time instabilities render counting 
techniques not very successful (WAC 65a). Also troublesome long term insta­
bilities in the beam intensity cannot be avoided. This is probably due to 
9 
fluctuations in the temperature of the oven. 
0 
5 
10 
15 cm 
Fig. 2.1 Two-chamber oven. 
In the last stage of the experiments a two-chamber oven made from 
Phoenix AKD 3 steel has been used (Fig. 2.1). A channel with a length of 
k cm and a diameter of 1.5 mm connects the upper chamber (volume k cm3) 
with the bottom chamber (volume 12 cm3) containing the sample. The beam 
emerges from the upper chamber through a hole of 0.3^ + mm in diameter. In 
front of the exit hole a diaphragm of 0.6 or 2.5 mm is placed at a distance 
of 6.5 cm. The diaphragms can easily be cleaned. The two chambers and also 
the octagonal front section are heated separately by means of filaments of 
the PL 500 tube, a Philips product. The oven is surrounded by two nickel 
radiation shields and a cooled brass housing. 
The two-chamber oven has a much better long term stability than the 
cylindrical ovens described above. Moreover, stable beams are produced also 
at higher temperatures. During the measurements the upper chamber is at a 
slightly higher temperature than the bottom chamber: a small change in the 
electric power dissipated in the upper chamber does not give a change in 
beam intensity. A load of KF lasts about one day at an oven temperature of 
bottom chamber 
upper chamber 
octagonal front section 
with exit hole 
connecting strips tor 
filaments 
outside parts of filaments 
support for radiation shield 
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Fig. 2.2 Schematic view of apparatus. Note, that vertical distances are greatly exaggerated. 
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Fig. 2.3 The effective dipole moment as a function of the field strength. 
The states (1,0), (2,0), and (2,1) are focusable with quadrupole selectors 
for values of /lE/hB not exceeding λ' , λ" , or λ' , respectively. 
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11І+0 К. At this temperature the vapour pressure is about 0.7 Torr (LEE ббъ). 
2.h THE STATE SELECTORS 
The use of η-pole fields as focusing devices for atomic and molecular 
beams (BEN 5M was particularly successful in experiments on polar molecules 
(BEN 55, SCH 5Tb). As will be shown below the correct focusing structure for 
polar diatomic molecules is an electric quadrupole. However, in this case 
focusing is possibly only for molecules in certain (J,M )-states emerging 
from the oven within a certain solid angle. The MBER spectrometers using 
quadrupole fields have generally higher beam intensities than spectrometers 
using Rabi-type deflecting fields (RAB 36), because the latter only deflect 
and do not focus the molecules. 
The energy W(E) of a linear polar molecule in an electric field with 
strength E is given by (TOW 55): 
»(.) - # . ( J A ) • &• 2hB -^»"J ,33 
h B
 (2-1) 
J(J+1) - ЗМ2 
with «(J.Mj) = J ( J + 1 ) ( 2 J . I ) ( 2 J + 3 ) 
Consider a beam of molecules travelling along the z-axis of a cylindri-
cally symmetric quadrupole field whose alternate electrodes are at potentials 
of +V and -V, respectively. Let r. be the distance of an electrode to the 
z-axis, and r a vector perpendicular to the z-axis and originating on the 
z-axis (Fig. 2.2). 
The strength E of the quadrupole field and its gradient at position r 
are given by (WAC бЗ): 
E(r) = — |r| and grad E = — — (2-2) 
The equation of motion of a molecule in the radial direction, which is the 
direction perpendicular to the z-axis, is given by (BEN 55, WAC 63): 
F
 = - S · S r a d E = Krr ' e r a d E = m (2-3) 
3E eff
 Э 2 
Herein F is the force acting upon the molecule, m its mass, t is time, while 
y is called the effective dipole moment. Molecules can be focused for 
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limited values of V and for negative values of y „, corresponding to positive 
values of a(J,M ) (Fig. 2.3). For these molecules the motion in the radial 
J 
direction is a harmonic one if μ is proportional to E. The angular frequen­
cy ω of this harmonic motion follows from Eqs.(2-1, 2, and 3): 
{a(J,M )}* 
Γ0 
The velocity in the z-direction is constant and equals approximately the 
molecular velocity v. 
In an actual beam apparatus the molecules follow straight paths outside 
the A- and B-field regions (Fig. 2.2). In the C-field region this path is 
parallel to the z-axis. For this reason the focusing condition is satisfied 
for any C-field length. The distances from oven to Α-field and from B-field 
to detector also do not disturb the focusing properties. However, when these 
distances increase, the potential V on the quadrupole electrodes required 
for the focusing and the resolving power for state selection both decrease. 
Suppose the distance from oven to the A-field is Sj and the length of the 
Α-field is Li· From the boundary conditions at the beginning and at the end 
of the Α-field follows : 
(rtgituLx/v) = v/Si (2-5) 
Thus the focusing properties of a quadrupole field depend on molecular 
velocity. 
The neglect of higher order terms in Eq.(2-l) is an approximation. For 
a given rotational (J,M )-state this approximation is justified only for 
values of W(E) below a certain W(E ) = W'(r ) where E and г are 
max max max max 
related through Eq.(2-2). The maximum allowed value of μΕ/hB must be smaller 
than λ' = wE'/hB for which 3μ
 ff/3E = 0 (Fig. 2.3) and depends on the degree 
of unsharpness that can be tolerated. For values of E between 0 and Ε , 
^ max* 
μ __ is nearly proportional to E (Fig. 2.3). 
efr 
The maximum field energy W(E ) depends upon the molecular state (J,M ) 
ШВіХ J 
and not on the particular molecule (BEN 55, WAC 63). Moreover, W relates the 
maximum angle of aperture 2γ to the maximum tolerable radial velocity 
ТПЯ.х 
ν through the relation: 
r,max 
W'(r ) = γ2 mv2/2+W,(r=Y Si) = mv2 /2+W»(r=Y Si) (2-6) 
max max 'max
 1
 r,max 'max
 1 
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The force acting on the molecules is nearly zero in the central part of 
the beam, regardless of the rotational state, as follows from Eq_s.(2-2) and 
(2-3). To obtain good state selection a spherical stop of radius a is placed 
on the z-axis near the Gefield region which prevents the center part of the 
beam from reaching the detector. The spherical stop limits the solid angle 
for molecular focusing to: 
a =
 π γ
 _ *a
2
sin2U/2 - .oLt/v)
 ( 2_ 7 ) 
max
 σ
2 
Ь1 
The conclusion from Eqs.(2-6,7) is that for highest intensity S^ has to be 
minimal, while for fixed a and Sj, Lj has to be as large as possible. The 
scattering of molecules limits Li, and for practical reasons S^  cannot be 
made smaller than some cm. 
For the Rabi-type deflection fields, the beam intensity at the detector 
misses the increase of solid angle due to the focusing. This type of deflec­
tion fields does, however, select molecules with a greater spread in velo­
city. For reasons of intensity the use of quadrupole state selectors is 
certainly preferable for molecules with B-values above 1500 MHz. 
In the present spectrometer the C-field is 15 cm long with adjacent 
buffer fields at both sides of 2.5 cm length while Si = 13 cm, and Li = 32 cm 
(Fig. 2.2). The length of the second state selector is 2k cm and the distance 
of this selector to the detector is kO cm. 
The beam emerges from the oven through a round hole 0.H mm in diameter, 
and enters the detector through a 0. it mm wide slit placed perpendicular 
to the detector band. The latter is also 0.1+ mm wide (Fig. 2.3). The oven 
temperature for KF is 1000 К at which k χ IO-1* of all molecules is in the 
focusable (J,MT) = (l,0)-state. From Eqs.(2-5,6,7) one obtains Ω = 19
 x
 1θ"6 
sterad by taking W'ir ) = O.OU hB (BEN 55), ν = 650 ms"1, m = IO"25 kg, 
and В = 8357 MHz (VEA 65). The solid angle with which the detector is "seen" 
by the oven is about 3.3 χ 10 8 sterad. Thus the focusing increases the 
effective solid angle by a factor of 215, provided all molecules in the 
(J,M ) = (l,0)-state are travelling with the same velocity. We have measured 
J 
a factor of 35 with velocity selection having a resolution of 13$. 
The resolution of two focused quantum states, (J,M ) = (1,0) and (2,1), 
и 
is given in Fig. 2.h. By using better velocity resolution the state reso­
lution can be improved (BEN 6k), but at loss of intensity. As we cannot 
tolerate time constants longer than a few seconds, many spectra are measured 
without any velocity selection (see Chap. IV). 
1U 
The construction of a quadrupole 
state selector is simple. Four identical 
rods of commercial silver steel, 10 mm 
in diameter, are positioned by two 
aluminium-oxide plates. The distance 
between the opposite rods is 10 mm and 
the two aluminium-oxide plates are 20 cm 
apart. The complete assembly is adjusta­
ble by means of screws and springs. Ad­
justment is possible only at atmospheric 
pressure. 
Tin droplets of different sizes 
deposited on a 0.1 mm copper wire have 
been used as a stop of the undeflected central molecules. The wire is kept 
under slight spring tension and is adjustable from outside the vacuum chamber. 
Fig. 2.4 Focused signal as function of the 
voltage on the quadrupole selectors. 
2.1+ THE C-FIELD 
The present C-field configuration is essentially the same as used by 
Schlier (SCH 5Tb). It consists of two gold coated glass plates kept apart and 
parallel to each other by quartz spacers. The glass plates are disks, 20 cm 
in diameter and 1+ cm high. They are made from BK Τ optical glass (Schott) and 
are polished at one side to a flatness of better than 10~5 cm. 
The plates have been coated in a Balzer's coating equipment. After coating 
the optical transmission has a value of approximately '\%. Six quartz spacers, 
5 mm thick with a tolerance of 10~5 cm, are placed between the coated sides 
of the plates. Two parallel scratches, 15 cm apart, divide the gold film of 
one plate into three electrically isolated parts. The side pieces, 2.5 cm wide 
along the beam axis, serve as buffer fields to improve the homogeneity of the 
electric field in the center part of the RF-region. The lower plate rests upon 
a 10 mm thick stainless steel base plate. Clamping screws counteract bending 
of the upper plate (Fig. 2.5). 
We have checked the parallelism of the coated surfaces with the aid of 
Haidinger's fringes in transmitted Na-light. 
The clamping pressures on the upper plate have been varied until very 
little difference remained in the fringes-pattern as the eye moves above the 
illuminated area of 150 χ 50 mm2. The residual variation is less than one half 
of a wave length, which means a homogeneity of better than 3 χ 10 - 5. 
Thin copper wires have been connected to the coated surfaces using a 
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CHECKED 
Fig. 2.5 Top view of C-field in the weak field 
configuration. 
solution of colloidal silver. With these wires DC and RF voltages are applied 
to the _C-field. A schematic diagram of the RF and DC voltage network is shown 
in Fig. 2.6. The actual DC and RF fields are parallel. A battery or a regu­
lated power supply is the source of the DC Stark voltage. The stability of 
these voltages is better than 5 * 10~5 per day. The DC voltages are measured 
using a voltage divider and a compensation bridge made by Bleeker (Zeist, 
Holland). In addition a voltage to frequency converter and a counter of Hew­
lett and Packard are used. The accuracy of the DC voltage measurement is one 
part in 1θ\ 
A frequency synthesizer of Schomandl (München, Germany) serves as RF 
source. This synthesizer is synchronized to a 100 kHz signal of the laboratory 
FREQUENCV 
STANDARD 
Fig. 2.6 Diagram of the D C and R F 
voltage supply of the С - field in the weak 
field configuration. 
1б 
• ^ 
Fig. 2 7 The velocity selector. 
Table 2.2 Characteristics of the velocity selector. 
Number of disks 
Diameter of disks 
Number of slits per disk 
Length of slits 
Slit width 
Disk thickness 
Distances between disks 
Motor type 
Resolution — 
ν 
Transmission at 65О ms"1 
6 
I26.6 
I8O 
6 
1 
2 
1|7.12;22.5б;10.28;10.28;22.5б 
Mc Lean Syntorque, type EF 17 H 
18 
10 
ram 
mm 
mm 
ram 
mm 
71 
% 
% 
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frequency standard in steps of 1 kHz. The accuracy of the latter is of the 
order of 1:109 as obtained from comparison with the frequency cf station 
Rugby (England). The present measurements require an accuracy of only 1:107. 
A RF millivoltmeter of Hewlett and Packard is used to measure the RF ampli­
tude with an accuracy of five per cent. 
For the measurements at strong electric fields the length of the C_-field 
has been decreased to 10 cm ала the length of both buffer fields has been 
increased to 7 cm. In this case the DC and RF fields are orthogonal using the 
same C-field configuration as described by Graff et al. (ORA 50). During the 
strong field measurements the DC voltages have been obtained from a Fluke 
power supply, model 332 A. The uncertainty in the absolute value of the elec­
tric field strength has always been less than IrlO4, while the relative accu­
racy has been better than 1:105. 
2.5 THE VELOCITY SELECTOR 
The present velocity selector (Fig. 2.7) is of the Foucault type, 
described extensively in the literature (HOS 60, TRU 62). Its characteristics 
are given in Table 2.2. 
2.6 THE DETECTOR 
The principle of the hot metal surface or Langmuir-Taylor detector for 
alkali-halide molecules is well known. When alkali-halide molecules strike 
the surface of a heated metal, they are reflected or adsorbed at the metal 
surface. If adsorbed, the molecules and their dissociation products come into 
thermal equilibrium provided the lifetime of the reaction products permits 
such (PYA 65). In the case of a hot tungsten surface the alkali atoms K, Rb, 
and Cs are ionized. This is energetically possible because the ionization 
energies of these atoms are smaller than the work function of tungsten 
(^ .^5 eV). The Li and Na atoms are ionized on oxidized tungsten which has 
a work function of about б eV. 
The ratio of the numbers of ions to atoms evaporating from the surface 
with which they are in equilibrium is given by the Saha-Langmuir equation 
(DAT 56a). 
A schematic drawing of the detector is shown in Fig. 2.8. The ions 
formed from the beam molecules on the hot tungsten ribbon are collected on 
the ion receptor. The thermal emission of alkali ions from a hot surface of 
commercial tungsten gives rise to background noise (MIN 60). Most background 
ions are collected on a guard electrode (Fig. 2.8) and are not measured with 
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Fig. 2.8 The detector. 
the beam signal. The tungsten ribbon is held at about + 10 V with respect to 
other electrodes which are nearly at earth potential. The tungsten potential 
is not critical. 
The normal working temperature of the tungsten surface is 1І+00 K. At this 
temperature the number of К ions evaporating from a tungsten surface is 
80 - 100^ of the number of impinging potassium-halide molecules (DAT 56b). 
The assembled detector is adjustable in the horizontal direction, while 
a horizontal slit of 20 χ 0.37 mm2 (Fig. 2.8) can be adjusted in the vertical 
direction. Both adjustments are possible from outside the vacuum chamber. The 
surfaces surrounding the detector are held at liquid air temperature. 
The background noise is reduced by coating the commercial tungsten with 
pure tungsten from У(С0)б (FRA 599 GRE бі). This coating has been performed 
as follows. 
The tungsten ribbon of the detector, about O.h χ 0.025 mm2, is folded at 
both ends around the loops of a 0.3 mm tungsten wire (Fig. 2.8). After heating 
ribbon and wires to 2800 К the resistance as measured over the tungsten band 
has dropped by a factor of two owing to better contact. Then the deposition 
of pure tungsten starts. The ribbon is kept at 800 С (dull red) and the 
W(C0)g present in the same vacuum chamber has a temperature of 30 C. At these 
temperatures the tungsten from W(C0)5 deposits at a slow rate upon the ribbon. 
The coating process takes about three hours (WAC бЗ). By the end of the coating 
the resistance over the band has dropped again by a factor of two. 
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After coating, the signal to noise ratio of a KF beam has been measured 
with a 0.1 s time constant. This ratio has been found to be unity for 104 
KF molecules striking a detector surface of 1 mm2 per second. Other investi­
gators found a ratio of unity for 1.6 χ ΙΟ6 К atoms or 1.6 χ IO1* Tl atoms 
per second with the same detector surface (WED 61). Under normal working 
conditions the statistical noise of the beam signal, being the square root 
of the number of particles per second striking the detector, has always been 
larger than the background noise of the detector. 
A vibrating-reed electrometer of P.R.D. (Gary 31 CV) with an input 
resistance of ΙΟ10 Ω amplifies the detected ion current. The output of the 
electrometer is applied to a recorder of 10 mV full scale deflection (Varian, 
li+.G A-1). 
2.7 ALIGNMENT OF THE SPECTROMETER 
For optical alignment a small lamp is placed in the oven. The tele-
microscope at the detector end of the apparatus is aligned such that the 
oven exit hole is lying on the optical axis. Then the quadrupole state 
selectors are adjusted using test diaphragms placed at both ends of the 
selectors. After this adjustment the oven exit hole can be seen sharply 
through the 0.5 mm circular test diaphragms. The glass disks constituting 
the _C-field are aligned by adjusting the stainless steel base plate (Sect. 
2.k). As a last step of the optical alignment the detector is placed into 
the main chamber and adjusted. 
When the oven-, buffer-, and main chamber have reached a vacuum of 
10 б Torr the oven is heated to the desired temperature and the tungsten 
ribbon to lUOO K. With the beam stop far outside the z-axis (Fig. 2.2) a 
signal, called total signal, is observed at the output of the electrometer. 
The stop is adjusted for a minimum of this signal. The remaining signal, 
called rest signal, is due to scattered molecules. Voltages are applied to 
the electrodes of the state selectors to focus molecules in the (J,M ) = 
(l,0)-state. The increase of signal, called focused signal, is maximized 
by adjusting detector and oven. In this way a relative maximum is found. In 
order to find the true maximum the focusing fields are switched off and the 
stop needs slight adjustment. The process of minimizing the rest signal and 
maximizing the focused signal is repeated until no further improvement is 
possible. 

C H A P T E R III 
THEORY 
3.1 INTRODUCTION 
In the first four sections of this chapter a discussion will be given 
of the Hamiltonian used for the interpretation of experimental results. A 
generally sufficient expression for the Hamiltonian of a diatomic ^Σ molecule 
in an external electric field is 
H = H + H . . + H . , + H + H . , + + Η. + Η _ (3-1) 
nue el vib rot vib-rot hyp St 
The first five terms on the right hand side of Eq.^-l), the nuclear, 
the electronic, the vibrational, the rotational, and the vibration-rotational 
terms determine the position of the molecular rotational energy levels. The 
term H , on the other hand, splits these levels into hyperfine sublevéis. 
The last term of Eq.(3-1) represents the interaction of the molecule with an 
external electric field (Stark effect). 
In a first approximation the hyperfine levels are calculated within a 
given set of nuclear, electronic, vibrational, and rotational quantum numbers. 
Two effects are discussed which complicate this consideration. Firstly, the 
Stark term H is nonzero in the presence of an external electric field and 
ot 
mixes states with different rotational quantum numbers. This mixing will be 
considered up to the sixth power of the field strength E. Secondly, the ro-
tation of a molecule gives rise to a small electronic angular momentum by 
excitation of higher electronic states. In Sect. 3.2 a representation will 
be chosen in which the two complicating effects are taken into account as 
perturbations. In this representation all terms of Eq.(3-l) except H are 
diagonal. 
The classical form of the hyperfine interactions will be given in 
Sect. 3.3. Usually, the hyperfine spectra are interpreted by introduction 
of the so-called hyperfine constants. These constants describe the strength 
of coupling between the tensor operators of the form I , J , and E 
which occur in a formal hyperfine Hamiltonian. In Sect. 3.b this formal 
hyperfine Hamiltonian will be discussed. The connection between the hyper-
fine constants and the classical expressions for the several hyperfine inter-
actions will be considered in Sect. 3.5· 
In Sect. 3.6 the matrix elements will be discussed in the representation 
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mentioned above, while the transition probabilities between hyperfine levels 
will be given in Sect. 3.7· 
3.2 CHOICE OF REPRESENTATION 
The terms H and H are given by (TOW 55, p. 208): 
H . = hBJ2 + hBL2 - 2hBJ.L 
rot 
H
St =-^C¿(e,a) 
(3-2) 
where В and μ are expectation values of the rotational constant 
В = h/3iT2A (3-3) 
and the electric dipole moment, respectively. The vectors J and L are the 
total- and the electronic angular momentum, respectively, while h is 
Planck's constant. The quantity A in Eq.(3-3) represents the moment of 
inertia of the nuclei about an axis through the molecular center of mass and 
perpendicular to the internuclear axis. In what follows the molecular center 
of mass is assumed to be the center of mass of the nuclear frame. The tensor 
component Ci.(ß,a) is given by: 
C¿(B,a) = ( W 3 ) 5 Υιο(β,α) 
where YJQ is a spherical harmonic and β,α are the polar coordinates of the 
dipole moment or the molecular symmetry axis with respect to the direction 
of the external Ë-field. 
If we assume the nuclei to be space-fixed, the expectation value of the 
electronic angular momentum is zero in the case of a non-degenerate ground 
state of a diatomic ^Z molecule. However, the coupling between molecular 
rotation and electronic motion represented by the term -2hBJ.L of Eq.(3-2) 
results in a slight excitation of electronic angular momentum. 
The eigenfunctions of 
IL = Η + Η
 Ί
 + Η ., + hB(j2 + L 2) + Η ., 1 nue el vib vib-rot 
are written as : 
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(ό,η,α,Μ^ or Ic.J.Mj.I^Mj. ,I 2,Î4 I> (3-h) 
where η represents the quantum numbers describing the electronic state, I 
and I are nuclear quantum numbers, and J is the rotational quantum number. 
The magnetic quantum numbers are defined with respect to the direction of 
the electric Ë-field. The symbols δ and ε refer to all other quantum numbers 
which are necessary to specify the molecular state. 
The term -2hBJ.L + Η is treated as a perturbation upon the energy 
levels of Η . The Hamiltonian Η - 2hBJ.L + Η is approximately diagonalized 
in the following representation: 
r, UF V <J,MT|ci(ß,a)| J M > 
|6,O,J,MJ>=NL|6,O,J,MJ>- H _ A _ JU+O-J.U'-H) I W ' V 
μ 3 Ε 3 
Зт,3 
(3-5) 
hJB 
n#0,ML 
J 
:n|L |0><JM'|-2hBJ |JM > 
S
 w(o) - w(n) g IW,M'> + 
Herein, N is a normalization constant, W(0) and W(n) are the electronic 
energies of the ground- and n-th excited electronic state, respectively, and 
the coordinate system x,y,z has its origin in the molecular center of mass. 
The energy levels of Η - Η, = Η. - 2hBJ.L + H 0., as calculated in the 
hyp 1 St' 
representation of Eq.(3-5), are: 
?τ?2\~ ( < J , M T | C 4 J M T > ) 2 
<н - H h y p> = w(6.n-o f j) + H Z^_ мЛМ - о μ
4
Ε
4 
h 3B 3 
(3-6) 
where 0 [ J stands for the "order of magnitude". As we are interested 
only in the relative spacings of levels due to К in the presence of an 
external electric field, the first term on the right hand side of Eq.(3-6) 
will be disregarded in the following. 
3.3 THE CLASSICAL HYPERFINE HAMILTONIAII 
The hyperfine Hamiltonian Η can be written as (TOÏÏ 55, SCH 61, 
аур 
THA 6U): 
2h 
VP = ñi4L\ + HQ + H ( I J ) N + ^  К^  + Q 
+ H ( l j )
e l + ^ K V e l + ^Vb^nd 
(3-7) 
where 
^ Л 
= 1 1
Х% г 5[ ( І ь- Г к ) -3гйс(Ть-?ыс)(Тк-?ьк)] 
=
 Ω
2 
Q / r
2
 v
\zTr~^P0(соз т ) - г 7 3 р ( с о з . )] 
1 T i íK . p^.KL L LK 2 Ι , ,ρ^ iK 2
V
 ι , ρ ^ J 
e^  r ' 
ΐ,Κ,ρ,.,ΐΑΕΚ
 PK 
-к 
•к 
H ( I J ) N = "T- 4-^ r VK^LV^L-V^J Л 
Κ,Ι^Κ 
^ V K Î N 
e 2 μ 2 
11
 Y^_ 7.2„2
н
-1г.-6Гт
 ν
-
2 c ¿ Κ,Ι^Κ 
^ ^ Í ^ S ^ K ^ L K ^ ^ K ^ U C ) (3-8) 
eu 
H ( I j )
e i = 'T ? I S^IKPÍI^^Í-VKÍ ^К 
ι,Κ 
^ЧкКі 2mc 2 i , К l ^
e K r Î K { I K x ? i K ) - ( r K x F i K ) 
θ 2 μ
Ν 
Η ( Ι
κ ν ^
=
 —г 
mc^ ι 
?І в іА, г Ік г 2 ( І к^ік ) - ( Г ь х ? іь ) 
The c a p i t a l i n d i c e s К and L r e f e r t o t h e n u c l e i 1 o r 2 w i t h c h a r g e s e Z „ , 
К 
masses NL·, spins 1^, and containing protons ρ . All position- and velocity-
vectors are taken with respect to the molecular center of mass (CM. in 
Fig. 3.1) with 
PK,K 
r — г 
Рк
 K 
r = г — г 
LK L К 
'LK 'LK 
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i-th electron 
nucleus К 
Fig 3 1 Explanation of vector symbols appearing in the hyper-
fine Hamiltoman, Η , of Eqs (3 - 8) 
where rT and r^ are the position vectors of the center of mass of the nuclei 
L and K, respectively, and r is the position vector of the p„-th proton of 
% 
nucleus К (Fig. 3.1). The small indices i refer to the electrons with charges 
-e and masses m. The electron positions and velocities are r. and v., re­
spectively, with 
iK 
= r. — r i К 
ІК 
= r 
ІК 
while 
'К 
= 1 
- W^\ 
is the Thomas precession factor. The Legendre polynomial P ? is a function of 
the angle . between r.„ and r „ or of the angle θ
τ
 betwe 
'% 
en r. 
К' 
LK and 
PK,K· 
The nuclear g-factor is defined such that the nuclear magnetic dipole 
moment is μ^ = g μ I . The constants μ , M , and с are the nuclear magneton, 
К. К rJ К. Гч ρ 
the proton mass, and the velocity of light, respectively. 
The first term (H(l I ) ) on the right hand side of Eq.(3-7) is the 
К L Ü 
classical interaction of the magnetic dipole moments of the two nuclei. The 
second term (H ) represents the interactions of the electric quadnmole 
4 
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moments of the nuclei with the electric field gradients due to the surrounding 
electronic and nuclear charges in the molecule. Higher order nuclear moments 
have been neglected. The third (H(lj) ) and the fifth (H(lj) ) term represent 
interactions of the nuclear dipole moments with the magnetic fields produced 
by the moving charges in the molecule. The fourth (H(l I ) ) and the sixth 
(H(I„I„) . ) term are interactions of the field of a nucleus with the dipole 
К К el 
moments induced by the same field in the other nucleus and in the electron 
cloud, respectively. The seventh (H(l I ). ,) term is the diamagnetic inter­
action of the magnetic dipole moment induced by a nucleus in the surrounding 
electron cloud with the field of the other nucleus. 
Except for the Thomas precession factor, the terms three through seven 
of Eqs.(3-0) follow from expansion of the relativistic Hamiltonian describing 
the interaction of point charges in the molecule with the nuclear vector po­
tentials up to terms M^v^/c3. This Hamiltonian can be written as: 
- \ + HL - HC(K,L) + H £ H., = 
e 
where H represents the instantaneous interaction of the nuclear point charge 
Z e and the potential JL ,φ created at nucleus К by nucleus L, Η is the inter­
action of the nuclear point charge Ζ e with the potential Α^,Φ
Κ
 , ^-πίν τ ) ^s 
the Coulomb energy between the two nuclei included in H^ as well as in H T, 
while Η represents the interactions of the electronic point charges -e and 
the potential created by both nuclei at positions of the electrons. 
The Hamiltonian H^ is given by: 
H K = [ ^ + c2(iK - С ) 2 ] * + ФЬ = 
= Mj^c2 + (pj^/SMg . ( 5 K ) V 0 M 3 C 2 - Z ^ . Â ^ c + (3-9) 
+ e2z2(ÂL)2/2MKc2 + ZKe<t>L + o[(pK)5/M£c3 
The first three terms on the right hand side of Eq.(3-9), representing the 
rest energy, the kinetic energy, and a relativistic correction to the ki-
netic energy of nucleus K, do not contribute to the hyperfine splitting of 
levels. 
The potential Α ,φ is defined in the molecular center of mass system 
Li XJ 
(space-fixed). By defining A» and Α ι as the components of A parallel and 
perpendicular to ν , a transformation of the center of rmpR system 
27 
t o t h e m o l e c u l a r frame y i e l d s (LAII 51» p · 6 o ) : 
A , = (A·, +
 ь
ф £ / с ) ( і - v 2 / c 2 ) " 5 = Ay+ v ^ ¿ / c 
А 1 = А ^ (3-10) 
*L = ( ФЬ + V L A ^ / C ) ( 1 - V L / c 2 r ' " К + VL A// / C + V L * ¿ / 2 c 2 
where Α',φ' gives the potential at nucleus К created by nucleus L referred 
to the molecular frame: 
uTxr Ζ e 
L 3 ' yL 
r r 
KL rKL 
Terms with φ' contribute only to the Coulomb interaction and are not 
Li 
of interest for the hyperfine interaction. By omitting these terms and by 
substituting expressions (3-10) into Eq.(3-9) the last four terms of the 
latter equation becomes: 
eZ.. e^Z2 
üñ» (Г, 
The c o n t r i b u t i o n of t h e H a m i l t o n i a n Η f o l l o w s from E q . ( 3 - 1 l ) by і ^ е г с Ь а л £ І П £ 
Li 
the К and L indices. Summation of Eq.(3-1l) over К and L with K^L yields 
HÍU),., and H(l I ) of Eqs.(3-8) except that the Thomas precession factor is 
Ν Κ Κ N 
missing. However, the Thomas factor can be introduced by relativistic kine­
matic considerations (JAC 62, p. 36U). 
By an analogue treatment H(lJ) .. , H(lT,I,.) , , and Н(ітД,.). , can be de-
el К К el K L ina 
rived from 
Η = I Z U 2 c4 + c2{5. + -a
v
 + ÂT).}2)^ - e (φ,. + Φ
τ
). 
e .— i c K L i К L i 
ι 
where (iL. + ÄT).,(ф^ + φ.). is the potential created by the nuclei К and L at 
the i-th electron. The Thomas factor can again be introduced as above. 
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It is obvious that the first two terms of Eq_s.(3-3) do not follow from 
the interaction of point charges H . The Thomas precession factor too cannot 
π 
be deduced from Η , as the concept of spin is essential for the appearance of 
R 
this factor in Eqs.(3-0). A relativistic Hamiltonian for all spin particles 
in the molecule would have been the correct starting-point of our discussion, 
but such a Hamiltonian cannot be given as yet. 
ЗЛ EMPIRICAL FORM OF HYPERFINE HAMILTONIAN 
The hyperfine Hamiltonian H, can formally be written as (SCH 6l): 
hyp 
H, = 2_A0(A,B)B (3-12) 
У Р
 A,В 
where Ä and В are any of the vector operators ϊ , ϊ ?, J or Ё, and 0(А,В) are 
second rank tensor operators depending explicitly on molecular properties. 
For fixed Ä and В only one of the two terms: ÄO(Ä,B)B or BO(B,Ä)Ä occur in 
the summation of Eq.(3-12). The tensors 0 can be transformed to the principal 
axes system. In the case of a diatomic molecule one principal axis, called c, 
must be the molecular symmetry axis, while the other principal axes, called 
a and b, can be chosen arbitrarily (alb) in a plane perpendicular to the 
symmetry axis. Thus every tensor is fixed by two constants, 0 and 0 = 0 
С С QéO, и D 
(SCH бі). 
The scalar products of Eq.(3-12) can be written in terms of irreducible 
tensor operators and spherical tensors as: 
ÂO(Â,B)B = YZ ( - ) V ( 2 V + 1 ) V 1 ) { 0 ( V ) B ( 1 ) } ( 1 ) } ( 0 ) (3-13) 
v=0,1,2 
where the spherical components of 0 are linear combinations of 0 , 0,,, 
(?) (О) a a Ъ Ь 
and 0 ; 0 ^  and 0 ^  are given by (YUT 62, p. 106): 
O ^ ^ -(0 + 0.. - 20 )//6 0 aa bb cc 
θ (
η
) =
 - ( 0
Я П
 + 0
ЬЪ
 + 0
nJ/ / 3 
0 aa bb сс 
(3-iU) 
Terms of Eq.(3-12) with Ä = Ï , Ï , or J, and В = Ê or vice versa have 
zero expectation values as can be seen from parity considerations. The terms 
with A = В = E, representing molecular polarization, will be neglected because 
of limited Stark fields. The term with A = В = J gives only a shift of the ro­
tational levels just as the terms with Ä = В = ï or ϊ
τ
 give a shift of the 
К L 
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nuclear energy levels. These terms are omitted as we are only interested in 
the hyperfine splitting of levels. 
Within the manifold of states with constant I , I , and J the remaining 
К L 
terms of the right hand side of Eq.(3-12) can be replaced by (SCH 6l, JUD 63, 
Chap. IV): 
^
-
 f?ì 3(1 .J) 2 + 3I„.J/2 - I2.j2 
> <o[ hi ï )ъ — к — 
к 
(2J-l)(2J+3) 
К 
,0s 3(VJ)(ÏT.J) + 3(ÏT.J)(Ï .J) - 2(ÏV.ÎT)J2 
<n^¿41 Τ Ì4. — + 
^ 0 Ι Ι Κ ' 4 ; > (2J-l)(2J+3) 
^ ^ ^ κ ·
1
^ ^ · ^ 
(3-15) 
The expectation values <0 > and <0 > are taken within the manifold of 
states with equal quantum numbers ν and J, and depend on the actual values 
of ν and J (Sect. 5.h). 
3.5 THE CONNECTION BETWEEN FORMAL AND CLASSICAL HYPERFINE HAMILTONIAN 
The Cartesian components of the important tensors of Eq.(3-12) referred 
to the principal axes of the molecule are given by (THA 6H): 
eQ„ 
[0(!К'Уа'Е = 6т (2L 
3¿V. 
к 
g'g b±K(2IK-l) 9g'3g 
e
2
z2 
•¿Ш.с2 
L· 
g,l,\i^rTf.\r .rT.r& , - (r ) (r ) , 
К N LK L LK LK gg ' LK g LK g 'J 
е
2
м
2 
^ 4ÇrLi[?iK-?iK0gg· - ( ? І К У ? І К У ( з - і б ) 
чей. 
[0(V5)]g-g = ^ r " s ^ K e bK"g E 
ι , η 
< 0 | L g | n > < n [ ? . K x ( v . - Y K v K ) r : 3 | 0 > 
W(n) - W(0) 
2ey 
he 1С β L ЬК[ LK L К К gg ' 'LK'g ( v L" Y K V K g'J (? T J (^  (3-17) 
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mc¿ ι 
(3-18) 
where Q^ is the quadrupole moment of nucleus K, V., is the potential at nucleus 
К due to all other charges in the molecule, A is the moment of inertia re­
ferred to axis g, Re[x] stands for the real part of x, L represents the g-
component of the electronic angular momentum, and δ , is 1 or 0 for g=g' or 
ßß 
gÉg', respectively. 
The first term on the right hand side of Eq.(3-l6) is the quadrupole 
interaction. By using Laplace's equation and the cylindrical symmetry of 
charge distribution of a diatomic molecule it follows that: 
Э
2
 _ J_ afv 
Эа
2
 2 Эс2 
and using Eqs.(3-1^): 
Л. Л. 
92VK 
with q,. = < > 
K
 Эс
2 
The second and third term on the right hand side of Eq.(3-l6) correspond 
to H(l I ) and H(I I ) of the classical hyperfine Hamiltonian given in 
К К N К К el 
Eq.(3-7). These terms are sometimes referred to as the pseudo-quadrupole 
interaction (SCH 6l) because in actual measurements they cannot be dis­
tinguished from the quadrupole interaction itself. These terms, however, 
contribute much less to the energy than the quadrupole interaction, provided 
a given nucleus has a quadrupole moment. They can be estimated to be of the 
order of the last term of Eq.(3-13), which gives for all alkali-halides a 
measured interaction energy of less than UOO Hz (Chap. V). To our knowledge 
the pseudo-quadrupole interaction energy has never been measured for molecules 
without nuclear quadrupole moments. Therefore, we neglect all terms of Eq.(3-16) 
but the first, which enables us to calculate the quadrupole interaction constant 
eqÇL·. from experimental results. 
The two terms on the right hand side of Eq.(3-1?) correspond to H(IJ) 
and H(IJ) of Eq.(3-7), respectively. The electronic term should in principle 
have the same form as the nuclear term with e substituted for -eZT and r.T.,v. 
L iK' ι 
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substituted for r ν , respectively (THA 6U, WHI 55). The expectation value 
of this term is, however, zero in the representation |6,n,J,M >. By mixing of 
excited electronic states through -2hBJ.L· (Eq.(3-5)) the contribution of e-
lectrons to the <0
 n
 ^v·^ interaction (Eq.(3-15)) is given in lowest nonzero 
order by the expression of Eq.(3-17)· 
The term <0 >Iir.J is usually written as c^I^.J, where cv is called the 
ил. Ά. Ά. К 
spin-rotation interaction constant of nucleus K. 
The terms on the right hand side of Eq.(3-18) correspond to H(l I ) and 
К L d 
Hd^I-). , of Eq. (3-7). The constants 
л. L ind 
are generally called the direct- and electron-coupled spin-spin interaction 
constants, respectively. 
With the above definitions of hyperfine constants the hyperfine Hamil-
tonian of Eq.(3-15) used for the interpretation of experimental results be­
comes : 
\ „•L i=1,2 
eq.Q. 3(1..J)2 + 3Ϊ..J/2 - I (l.+l)j(j+1) 
1 1 1 1 1 1
 + c.I..J 2Ii(2Ii-l) (2J-l)(2J+3) i i 
3(Ï1.J)(I2.J) + 3(Ï2.J)(Ï1.J) - 2(Ï1.Ï2)J(J+1) 
+
 ^ (2J-1)(2J+3) 
+ d
s
rr r2 · (3-20) 
As already noted, expression (3-15) and hence also (3-20) are only correct 
within the manifold of states with equal I , I , and J. Explicitly, the quadru-
pole coupling interaction and the direct spin-spin interaction also couple 
states with J values differing by two. The actual form of these interactions 
can be found elsewhere (JUD 63, p. 87, BEN 66). 
3.6'MATRIX ELEMENTS AND CALCULATION OF ENERGY LEVELS 
In setting up the hyperfine Hamiltonian several interactions (not included 
in Eqs.(3-0)) have been neglected. This finds its justification in the fact 
that so far it never has been necessary to introduce additional terms to 
explain experimental results. 
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Matrix elements of the hyperfine Hajniltonian as given in Eq.(3-20) can 
be calculated easily in the representation |e,J,MT,I1,M ,I0,M >. All terms 
d 1 i1 . I2 
of this hyperfine Hamiltonian and of the Stark effect are diagonal with respect 
to M = M + M + M and matrices can be diagonalized separately for every 
J
 Ί^ 2 . . . 
value of M. The Stark effect does, however, mix states with J values differing 
by one. To calculate exactly the energy levels corresponding to the given 
hyperfine Hamiltonian and the Stark effect, an infinite matrix should have 
to be diagonalized. The relatively weak Stark fields in our experiments guaran­
tee that the Stark energy is always much less than the rotational energy. This 
permits us to calculate the energies belonging to the rotational quantum number 
J=1 from matrices containing matrix elements with J values ranging from 0 to U, 
and with a constant M value. With these matrices one calculates the pertur­
bation energy of the Stark effect upon the rotational energy levels J=1 up to 
the sixth power in the field strength E. In the case of KCl (I =1 =3/2) the 
matrix with M=0 is а бОхбО matrix. Diagonalization of these matrices for all 
values of M (M=0,1,2,3,H) with one fixed set of values for the dipole moment, 
the rotational constant, the field strength, and the hyperfine constants takes 
a computer time of about 15 minutes on the ІВМ/ЗбО-UO. The determination of 
the appropriate set of values for the constants of the KCl molecule from all 
experimental data requires at least a thousand of such calculations. 
To limit computer time the basic functions of the used representation 
have been changed from |e,J,M ,1 ,M ,I0,M > to the Stark-perturbed eigen-
*J > 1 -ι ^ -LQ 
functions |ε,5,Μ ,1 ,M ,1 ,M > (see Eqs.(3-^,5))· The energy levels corre-
1 . 2 . . . . 
spending to the J=1 rotational level are determined by diagonalization of the 
matrices containing matrix elements diagonal in J=1 only. For KCl and 11=0 
this is a 10x10 matrix. Diagonalization of the matrices for KCl for all M 
values and one fixed set of molecular constants and field strength takes a 
computer time of 20 seconds. 
Expressions for the Stark effect of the J=1 level are given in the Ap­
pendix up to terms of order (pE)8/(hB)7 for M =0, and up to the order (μΕ) 6/ 
(hB)5 for M =1. Up to terms of order (uE)l*/(hB)3 the Stark effect is given 
(J 
as a function of J and M in the literature (SCH 6?, LEE 67). 
By changing the basic functions from the rotational eigenfunctions to 
the Stark-perturbed eigenfunctions also terms proportional to the product of 
a hyperfine constant and (μΕ/hB)2, (pE/hB)1* etc. are introduced. The only 
significant terms for KF and KCl are those taking the forms (eqQ)(uE/hB)? 
and (eqQ) (μΕ/hB)Lf ; diagonal terms of both forms and non-diagonal terms of 
the first form are given for J=1, 1=3/2 in the Appendix, while for J=2, 1=3/2 
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the diagonal terms of the first form can be calculated easily from expressions 
given by Graff (GRA 65a). 
Unfortunately, we have calculated the frequencies for KCl with matrices 
which are different from those given in the Appendix (WAG бТа). Firstly, we 
have used the expressions of Hughes (HUG 1+7, HUG 1+9) for the Stark effect 
which are not correct in the sixth order of the field strength. Secondly, 
terms of order (eqQ)(pE/hB)2 have only been taken into account in the diagonal 
matrix elements, while tenus of order (eqQ) (pE/hB)1* have been neglected com­
pletely. 
Now we shall discuss the influence of these errors and omissions on the 
calculated frequencies of KCl at the largest experimental field strength 
E=230 V/cm. The transition frequencies are then roughly 00 MHz. The wrong 
expressions of Hughes for the Stark effect give values of the calculated 
frequencies which are about 1 kHz too small. Introduction of the non-diagonal 
tenus of order (eqQ)(pE/hB)2 in the matrices changes the calculated frequencies 
with 0-1.5 kHz. Diagonal terms of order (eqQ)(pE/hB)4 change the frequencies 
for KCl at 230 V/cm from 0-200 Hz. We have verified that inclusion of these 
effects improves the agreement between calculated and experimental frequen­
cies (WAC 67a). Calculations with the matrices given in the Appendix will not 
alter the values of the dipole moments of KCl as given in the next chapter, 
but can slightly improve the given accuracy of the results. This also holds 
for KF. 
Terms of still higher order do not change the calculated frequencies by 
more than about 20 Hz at the highest experimental field strengths. At this 
accuracy we cannot any longer neglect matrix elements of the quadrupole oper­
ator connecting states with J values differing by two. The matrix elements 
for J=1, ^ ^'=3, 1=1'=3/2 have the largest value given by: 
<М
т
=1,М
т
=3/2|Н-|М!
г
=3,М1=1/2> = 3/70 ( eqQ) /1U0 
J 1 I y I cl 1 
Of course this type of elements cannot be introduced in the matrix for J=1. 
The influence of these matrix elements, however, can be estimated to be of 
the order of (3/70(eqQ)/lU0)2/10hB. For KF and KCl this amounts to approxi­
mately 10 Hz. 
The correct matrix elements for J=1, I =1 =3/2 are given in the Appendix 
as a function of the dipole moment, the rotational constant, the field 
strength, and the hyperfine constants with the following neglects. Firstly, 
diagonal terms of order (pE)8/(hB)7, (eqQ)(pE/hB)6, and c(uE/hB)2 have been 
3h 
neglected, where с stands for an arbitrary hyperfine constant different from 
eqQ. Secondly, non-diagonal terms of order (eq.Q) (uE/hB)1* and c(pE/hB)2 are 
omitted. Thirdly, the effect of the quadrupole operator connecting different 
J states cannot be introduced in the given matrices. 
In the published matrices for J=1, 1=3/2, I =1/2 (GRA бЗ) and for J=2, 
I =1 =3/2 (LEE 66a) the Stark effect has been diagonalized to first order. 
Before we have used these matrices, terms of order (pEiVChB) 3 (SCH 6?), 
(eqQ)(uE/hB)2 (GRA 65a), and for J=1, I =3/2, 1=1/2 also terms of order 
(uE)6/(hB)5 have been added to the diagonal matrix elements. 
Diagonaliζation of the matrices of the Appendix gives for KCl at 230 V/cm 
within 700 Hz the same results for the transition frequencies as diagonali-
zation of the larger matrices mentioned in the beginning of this section. 
Terms connecting states J = 2 with J = k have been omitted in the large 
matrices. In view of this, the good agreement is a strong indication that all 
calculated matrix elements are correct. * 
For a rough determination of the molecular constants more crude approxi­
mations are tolerable. Approximate solutions of the energy levels can be given 
as analytic functions of the molecular constants for some limited ranges of 
E values. These ranges are distinguished by the strength of the Ё field and 
are called: strong, weak, and very weak electric field case. In these cases a 
set of approximately good quantum numbers exist. The limitations on E and the 
corresponding appropriate quantum numbers are given in Table 3.1 for I =1/2, 
I >1/2. The quantum numbers F and F as used in Table 3.1 follow from the 
vector relations 
?1 - T1 + 7 
F = F 1 + T 2 
Table 3.1 The different approximations assuming I =1/2 
Approximation 
1. Strong electric field 
2. Weak electric field 
3. Very weak electric field 
Limitation on 
E values 
1»b 
1>> 
1>> 
i2E2 eqQ , , 
hB 1+hB ' ' 
?$»Η»# 
"good" quantum numbers 
Ι ^ , Ε ^ , Μ ^ 
* To minimize errors, Drs. F.H. de Leeuw and the author have calculated all used matrix elements 
independently. 
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As expected, the approximate expressions do not give sufficient accuracy 
to calculate the hyperfine constants for KCl and also not for KF in the weak-
and strong field approximation. For KF, the analytical solutions for the very 
weak field case are accurate and have been used to determine the hyperfine 
constants (WAC 65b). 
3.7 TRANSITION PROBABILITY 
The transition probability in molecular beam experiments is given by the 
well known Rabi-formula (RAB 37, RAM 56, p. 119): 
μ2 E2 
Ρ = ^ ^ s i n 2 ί(ω - ω ) 2 Α + μ? Е 2 / * 2 } Ч (3-21) 
Ρ , ί 1
 ΐι
2(ω -ω) 2Λ + υ 2 Ε 2 0 ^ ^ 
ο p,q -χ. 
where Ρ gives the probability that a molecule in a state ρ is found to be 
PJQ. 
in state q after being subjected for a time t to an oscillatory electric field 
Е е . It is assumed that ρ and q are isolated levels with énergies W and W . 
ъ * Ρ q 
The resonance frequency ω equals (W - W )/ft. The dipole moment matrix element 
ο ρ q 
between states ρ and q is denoted by μ 
p.q 
In the absence of an external static electric field the transition proba­
bility between states with equal J is zero. However, an applied external field 
Ё, mixes the rotational states (Eq.(3-5))· In the manifold of states with dc 
equal nonmagnetic quantum numbers and a fixed value of E , a given eigenstate 
vector ψ can be written as : 
Ρ 
Ψ
Ρ 
= zZc (MJ.MJ. .Mj ) |C,J,MJ,I1,MI ,I 2,M 1 > 
The summation extends over all values of M M , and M consistent with 
. .
 11 I2 
M = M + M +M,. = constant. The coefficients С appear when computing the 
J i1 I 2 _ Ρ I 
eigenvectors of matrices as given in the Appendix. In the case E //Ё and 
E <<E a dipole matrix element is given in first nonzero order of E^ by 
a. dc dc 
(Eq.(3-5)): 
PP,Q = < ψ ρ Κ ( ί 5 ' α ) Ι ν = (3-22) 
It follows from Eqs.(3-21,22) that Ρ is constant for a constant Ε, .Ξ , 
^ p,q dc 'v' 
if t is fixed. Schlier has shown that this approximately holds also for E -
and E, values with E >E, (SCH 5Tb). In beam experinents the time t τ я ffiven dc '^ dc 
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ъу 
t = L/v 
where L is the length of the C^ -field and ν the velocity of the molecules. 
In practice the oscillatory field is of the form E созиЛ rather than 
Е е . As a result the resonant frequency is displaced (BLO kO, STE hO). 
It is possible to calculate the displacement AW of the energy level W due 
to this oscillatory field (SCH 5Tb): 
^ ^
2 Ε £ \ (<J*M |c¿(B,a)|jM >) 2 
% -bSiMj.VV ^ г ^ J ( J + 1 ) - J , ( J , + 1 ) = K E ' / 2 
The dependence of the energy level W on the static electric field is given 
Jr 
in first order by KE^ . Thus the influence of the oscillatory field E cosiot 
can be taken into account by replacing the static electric field strength E„ 
dc 
by /(E2 + E^/2) = /(E·; + E^ ), where £_,„ is the effective RF field strength. 
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MEASl'REMENTS VM) HKSl LTS 
Д. 1 INTRODUCTION 
All present measurements can be divided into two types: type-1 with 
Ë, // Ë corresponds to transitions for which ΔΜ = 0, while type-2 with de ^ 
Ê L Ë has ΔΜ = ± 1. dc ъ 
Depending on the field strength E we can distinguish three cases in 
which a set of approximately good quantum numbers exists. These cases have 
been tabulated in Table 3.1. 
Transitions with Ё // Ё have been measured with values of E ranging 
from the very weak field to the weak field, while the transitions with 
Ё _L Ё have been observed at strong field conditions. For an extremely 
strong field the transition probability of the type-1 transitions is zero, 
whereas the type-2 transitions have then the largest transition probability. 
The following sections are devoted to performance of the spectrometer, 
measurements, and the evaluation of molecular constants from the type-1, or 
weak Stark field, and type-2, or strong Stark field, transitions. The last 
section of this chapter will deal with the present and previous results on 
molecular constants of KF and KCl. 
U.2. PERFORMANCE 
A. WEAK STARK FIELDS. 
The conventional one-chamber oven has been used for measurements at 
weak Stark fields. As mentioned in Sect. 2.2 this type of oven gives a 
smaller beam intensity with more long term instability than the two-chamber 
oven. The use of the one-chamber oven is based only on historical grounds. To 
eliminate most of the long term instability, the resonance curves axe 
measured in frequency steps of 0.5 to 1 kHz. At each frequency setting the 
transition signal is determined as the difference between the focused signal 
(Sect. 2.7) without and with the RF signal applied to the C-field. The time 
constant for the measurement at one frequency varies from 3-30 s. 
Oven and beam stop are adjusted for maximum beam intensity (Sect. 2.7) 
every time after the oven has been warmed up. The DC voltage from a battery 
or a stabilized power supply is then applied to the C-field. It is measured 
with a voltage divider and a Wheatstone bridge (Sect. 2.3). 
We vary the RF frequency applied to the C-field until the intensity at 
the detector decreases. Thereafter we adjust the RF field strength E to 
Rr 
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Fig. 4.1 The variation of transition 
probability with E„,, is measured as a 
variation of intensity at the detector; 
E d c = 20 V/cm, Ë d c / / Ë R F , i/o=3608 
kHz. 
the first relative maximum in transition 
probability (E in Fig. *+.l). A transition 
is observed as a diminution of intensity 
at the detector. To get optimum transition 
probability the product E ·£„ is held 
nearly constant (Sect. 3.7). 
Vacuum fluctuations of IO-7 Torr in 
the main chamber give intensity variations 
of about three per cent. The pressure 
varies only by about 0.5 χ 10~7 Torr 
during a day. Sometimes, however, short 
time instabilities of the vacuum make 
measurements impossible for about ten 
seconds. 
The signal to noise ratio is unity 
for h χ IO3 KF molecules striking the de­
tector per second if measured with a time 
constant of 2.5 s. The computed statistical beam noise, defined as the square 
root of the number of particles per second impinging on the detector, amounts 
to 1.3 x 103 for the velocity selected beam (78 mV total signal) and to 2.2 χ 
IO3 without velocity selection (300 mV total signal). With a time constant of 
1 s the electrometer noise is 5 x 10~16 A, corresponding to 3 x 103 molecules 
per second. Most measurements have been performed without velocity selection 
because the signal to noise ratio is then better by a factor of 2.5. The beam 
is velocity selected only for some measurements in which optimum line width 
has to be achieved. 
For a C-field length L of 15 cm and a beam velocity of ν = 650 ms"1 the 
expected line width (Ξ width of line at half maximum) is Δν = v/L = k.3 kHz. 
For a beam with thermal velocity distribution this value should be 7.2 per 
cent higher (RAM 56, p. 12k). The line width obtained with the present spec­
trometer is 5.5 kHz for the unselected beam. A line width of 3.2 kHz can be 
obtained with a velocity selected beam of 350 ms 1. 
Each measurment has been repeated four times. The frequencies of the 
various relative minima in intensity at the detector, called peak frequen­
cies, can be determined with an accuracy of ± 150 Hz. 
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В. STRONG STARK FIELDS 
A two-chamber oven has been used at strong Stark fields. The resonance 
curves are measured by varying continuously the applied RF frequency with a 
motor coupled to the frequency knob of the synthesizer. The rate of frequency 
change is adjustable from 50 to 5000 Hz per second. The signal at the detector 
is recorded on a Varían recorder (G lU-Al). A 50 MHz frequency counter of 
Hewlett and Packard (type 52^5 L) is used to give a marker on the recording 
every 1, 10, or 100 kHz. 
As the synthesizer of Schomandl (type ND 5) gives signals only up to 
31 MHz its frequency is doubled to cover the region 31-62 MHz, and is multi-
plied five times in a harmonic amplifier of Schomandl (type NB 7) to obtain 
frequencies above 62 MHz. 
3»10- t tA EIF>0 
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5.500 6.000 6.500 7.000 7.500 Θ.000 0.000 8.500 MHz 
Fig. 4.2 High speed recording of 39K35Cl(v= 0,1,2,3,4) and of 3 9K 3 7C1 (v= δ,ϊ); E d =80.08270 V/cm, 
E R F = 0.040V/cm, E d c ± E R F . 
To determine roughly the frequencies of the different transitions AJ=0, 
ΔΜ =±1 the frequency is changed at a rate of 5 kHz per second at a given Stark 
field (Fig. it.2). Then, the various transition curves are recorded again at 
a speed of 250 or 100 Hz per second in order to measure more accurately the 
peak frequencies. These frequencies are determined with both polarities of 
the voltage applied to the C-field plates and are averaged to eliminate 
contact potentials. The final accuracy of the average values is about 200 Hz. 
1+.3 THE MEASUREMENTS AT WEAK STARK FIELDS 
The energy levels of both KF and KCl can be reproduced to a fairly good 
approximation by assuming 1=0. The dependence of the computed energy levels 
of KCl (and approximately also of KF) on B=(yE)2/20hB is shown in Fig. k.3 
:&m 
Fig. 4.3 Relative energy levels of KCl for J = l , v=0, 
assuming I 2 = 0. Allowed hyperfine transitions are indi­
cated by А, В and С for weak fields and by 1 through 6 
for strong fields. 
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Fig. 4.4 Splitting of Fj =5/2 levels of Fig. 4.3 due to 
spin I 2 = 3/2 of CI- nucleus. 
Ui 
for J=1 for the case Ιρ=0· The spin I of the Cl-nucleus causes shift and 
splitting of levels as shown in Fig. k.k for the F =5/2 level. This shift 
is small compared to the original level splitting. 
A. MEASUREMENTS ON KF 
In the approximation of the very weak field (Table 3.1) the selection 
rules for KF are (SCH 5Tb): 
ΔΜ^ = 0, ΔΡ1 = 0,±1,±2, ΔΡ = 0,
±
'\i
±2 
and for the weak field case: 
ΔΜ^ = 0, ΔΜ = 0, ΔΓ = 0,±1,±2 
*1 2 1 
Moreover, extra selection rules apply for M=0 -»• M^=0 transitions. For these 
types of transitions, AF=±1 is prohibited in the very weak field case, whereas 
for the weak field case ΔΡ1=0,
±2 and ΔΡ =±1 are allowed only if the symmetry 
of the wave function is conserved or changed, respectively. These extra se­
lection rules are due to the fact that the eigenfunctions for the weak field: 
ll^J.F^Ig.Mp =+1/2^ =-1/2> 
ll^J.F^Ig.Mp =-1/2,^ =+l/2> 
are degenerate. Symmetric or anti-symmetric combinations of these eigen­
functions have ito be taken if the с I~.J interaction is taken into account. 
Using the negative parity of the electric dipole operator the above extra 
selection rules are obtained (SCH 57b). Strictly speaking, these rules are 
valid only if the relatively small dipole-dipole interactions are neglected. 
In the case of 3 9K 1 9F the following groups of transitions ΔΜ=0 have 
been measured (see Fig. h.3 for A and С group transitions): 
A: (J = 1, P1 = 5/2) + (J = 1, F1 = 1/2) 
C: (J = 1, F1 = 3/2) •*• (J = 1, F1 = 1/2) 
D: (J = 2, F1 = 5/2) -v (J = 2, F1 = 1/2) 
U2 
Most measurements have been performed at very weak fields (E <k V/cm). 
1520 151.0 1 5 6 0 1580 MHz 
Fig 4 5 Measurement of group A transitions 
0=l.F1=5/2)-(J=l, F^l/2) of _
 3 9K 1 9F, 
E d c = 4 073 V/cm, E R F = 124 V/cm, E d c//E R F 
For the group A three separated peaks have been observed in the ground 
vibrational state v=0. Two of them correspond to the transitions (F=2,M=0) 
-• (F=0,M=0) and (Ρ=2,Κ^=±1) + (F=1,M^=±l), while the third one results from 
the transitions (3,0) -> (1,0) and {3,±'\) -> (l,*l). For the v=1 state two 
peaks have been resolved, whereas for the v=2 and v=3 states one peak has 
been observed. Figure k.5 shows an example of a typical A measurement. 
3560 3 568 3 576 
Fig 4 6 Group С 0 
F = 1/2) measurement 
39V 19 
'K1 9 F , E = 3 16 
d с 
for V: 
V/cm, 
= 3/2)41 = 
=0 state 
1, 
of 
de R F 
a E R F 
equals 
b
 E R F 
c
 E R F 
= 2 4 V/cm, velocity ν of molecules 
the most probable velocity ν 
= 1 9 V/cm, v = 0 8 v
m 
= 1 2 V/cm, v = 0 5 ν 
At very weak field conditions the С group consists of the transitions 
characterized by (F.Mj.) -> (F'.Mj,,): (2,0) -> (0,0), (1,0) -*• (1,0), (1,±1) -»• 
(I,*!), and (2,*!) -> (l,*!). With the velocitv of the beam molecules se-
1*3 
lected at one half of the most probable velocity ν = 650 ms l, the С group 
splits into several peaks as shown in Fig. k.6. For values of E > 3 V/cm, 
only one peak has been observed for each vibrational, level. 
The D group is resolved into two peaks. One of them corresponds to the 
transitions {2,±λ) ->• (l,*-!), the other comes from the transitions (2,0) -> 
(0,0), (3,0) 4· (1,0), and (3,±1) + (1,±1). 
Each group of transitions of 9K 1 9F has been measured four times for at 
least seven different values of E., between 1 and 5 V/cm. A few measurements 
dc 
have been done with values of E, up to 20 V/cm. 
dc 
For 3 9K 1 9F the С group has been measured six times for each of three 
different E, values, dc 
B. MEASUREMENTS ON KCl 
For the KCl molecule the selection rules are far less strict than for 
KF due to the quadrupole interaction at the Cl-nucleus. For small values of 
the vibrational quantum number v, however, the quadrupole interaction constant 
of the Cl-nucleus is much smaller than the quadrupole interaction constant 
of the K-nucleus. Therefore, F remains a nearly good quantum number at weak 
field conditions and the same groups of transitions can be distinguished as 
for KF. 
In the case of 3 9K 3 5C1 the groups of transitions A, C, and D have been 
measured. The С and D groups have been observed at 20 different E, values 
between 1 and 20 V/cm. The A group has been measured at eight different E 
values between 1 and 5 V/cm. 
The observed peaks of the A group originate from 
transitions belonging to different vibrational 
levels (Fig. h.j). At E values higher than about 
5 V/cm the peaks of the A group start to disperse 
and the spectra become confusing. 
For v=0 the С group resolves into two sepa­
rated peaks of different height at very weak fields 
(E < 10 V/cm), and of equal height at weak field 
Fig. 4.7 Group A (J = l, F, - 5/2) -> (J = 1, F, = 1/2) spectrun 
1100 1120 1U0 HHz of KCl; £„ 1 375 V/cm, E R F - 1.40 V/cm, E d c 
kh 
v.J Γ­
Ι д 
л A li 
V=l( 
η 
л 
π
 Ί
 Λ Λ » 
,/υι 
2.500 2.520 2.5(0 2.560 2.580 MHz 2.300 2.320 2.340 2.360 2.380 2.400 2Λ20 MHz 
Fig. 4.8 Group С 0 = l . F l = 3 / 2 ) - 0 = l . 
F ^ l / 2 ) spectram of KCl; £ ^ = 9 . 8 1 8 0 
V/cm, E R F =0.36 V/cm, I d c / E R F . 
Fig. 4.9 Group D (J = 2, F, = 5/2)-(J = 2, F, = 1/2) 
spectram of KCl; E J =18.2030 V/cm, E o = 0 . 4 6 
* de R F V/cm,Ede//ERF. 
conditions. In the weak field case one of the peaks comes from the transitions 
characterized by (Mp ,Μ^ ) -»• (Mj,,
 tli ,) = (±1/2,±3/2) -• (±1/2,43/2) and 
(+1/2,±3/2) -> (+1/2,*3/27. The other2peak res\ilts from the transitions 
(±1/2,±1/2) •+ (±1/2,±1/2) and (τ1/2,±1/2) ->- (Ϊ1/2,±1/2). Figure U.Q shows 
an example of а С group measurement. 
For E > 15 V/cm the D group gives one peak for each vibrational level 
(Fig. U.9). These peaks split into several components at smaller E, .values. 
ac 
The 3 yK 3 7Cl spectra coincide with the 3 9K 3 5C1 spectra and have not been 
resolved at weak electric fields. 
h.k THE MEASUREMENTS AT STRONG STARK FIELDS 
If we put Ip = 0j "the strong field spectra with J=1,AJ=0 of both KF and 
KCl should consist of the six transitions ΔΜ =±1,ΔΜ
Τ
 =0, designated as 1 
1 through б in Fig. 1+.3. 
The presence of the relatively strong spin-rotation interaction between 
the magnetic moment of the F-nucleus (I =1/2) and the magnetic field created 
г 
by molecular rotation causes further splitting in the case of KIF. The strong 
field levels with M =±1 and with "good" quantum numbers M T are split into 
1 pairs of levels separated by about 10 kHz. As a consequence the transitions 
2 and 5 of Fig. U.3 are split into transitions 2a, 2b and 5a, 5b, and the 
spectra of KF consist of eight peaks. 
Interactions originating in the spin of the Cl-nucleus (I =3/2) in KCl 
ЧУ-L 
split each energy level of Fig. k.3 into two levels with M^ =±1/2 and ±3/2. 
ρ With the selection rules ΔΜ^ =0 each of the six transitions 1 through б is 
2. . 
split into two separate transitions. For small values of the vibrational 
5^ 
quantum number ν the spectra of KCl consist of six pairs of peak frequencies 
with small splittings between the components of one pair (Fig. U.2). 
Spectra of both KF and KCl have been measured at five different values 
of E with either polarity. For KF tïlese values are: 230, 320, ЗбО, 1+00, and 
hkO V/cm; for KCl: 30, ΐ6θ, 200, 2І+0, and 230 V/cm. 
Figure U.10 gives a recording of transitions 5a and 5b of ^ K 1 9 ? at Ε
η
 = 
de 
hkO V/cm. 
*iK«F,v = 0,Ed c=UOV/cm 
• polarity •polarity 
^ \ S-\. 
J • I • • • • • • l i 
67.315 .305 .295 .285 
M H z « « — 
67.300 .310 .320 .330 
• MHz 
Fig. 4.10 Recording of transitions 5a and 5b of v = 0 s ta te of 
<>K"F,Ëd±IRF . 
Ί.5 EVALUATION OF MOLECULAR CONSTANTS FROM THE WEAK STARK FIELD DATA 
A. THE KF MOLECULE 
The hyperfine constants of the KF molecule have been calculated from the 
very weak field data. In this case the dependence of the transition frequen­
cies on the various constants can be easily determined (WAC 65b) from the 
relative energy levels. The peak frequencies have been extrapolated to E =0. 
de 
The dependence of the peak frequency of unresolved transitions on the 
ι 
various molecular constants has been taken as the average of these transitions 
with their relative intensities as statistical weights. This is an approxi­
mation. Moreover, relative intensities are known with poor precision because 
of the uncertainty of 5^ in £_„. When using the very weak field data of the 
ni1 
A and D group measurements for the v=0 state these errors turn out to be of 
minor importance for all computed constants except d . The extrapolated values 
from seven independent measurements of these groups give the following 
equations (WAC б5b) : 
* The relative intensit ies given in WAC 65b are incorrect. For the three unresolved transitions of the 
group D these should be 1 : 1 : 1.73. 
1+6 
Table 1+.1 Measured and calculated peak frequencies of the group A transitions 
for KF at E d c = 1+.073 V/cm and K^ = 1.2І+ V/cm; Ê / Ё . Numbers 
in parentheses are relative intensities. 
CALCULATED FREQUENCIES IN kHz 
ν = 0 
1596.1+2 (100) 
I59O.58 (IO6) 
1577.00 (25I+) 
1576.71 (180) 
ν = 1 
1577.07 (100) 
1571.29 (IO6) 
1557.78 (251+) 
1557.39 (180) 
ν = 2 
1558.oU (180) 
1552.28 (IO6) 
1538.77 (25I+) 
І 5 З 8 . З 6 (I8O) 
ν = 3 
I5I+O.09 (180) 
1533.96 (111) 
I52O.65 (2І+9) 
1520.1+1 (100) 
EXP. PEAK 
FREQUENCIES 
i n kHZ 
I596.I+ 
I59O.5 
1576.9 
I57O.9 
1557.9 
I 5 5 2 . 2 
15З8.9 
1520.8 
Table 1+.2 Measured and calculated peak frequencies of the group С transitions 
for the ν = 0 level of 3 9K 1 9F. Relative intensities are given in 
parentheses; Ê // E . 
dc 
(V/cm) 
U.O75 
1.1+11+ 
2 . 0 3 7 
10 .00 
10 .00 
2 0 . 0 0 
ERF 
(V/cm) 
3 . 8 
7 . 6 
9 . 3 
1.02 
I . 8 5 
1.22 
CALCULATED 
(kHz) 
3575 .72 (20) 
3 5 7 5 . 9 8 (20) 
З 5 7 І . З 6 (32) 
3 5 6 6 . 0 8 ( 8) 
3 5 7 8 . 3 5 (20) 
З 5 7 6 . 5 9 (20) 
3 5 7 3 . 3 0 (30) 
З56І+.І9 ( 2) 
3 5 8 2 . 1 1 (20) 
358О.3І (20) 
3 5 7 6 . 8 0 (1+0) 
3 5 8 2 . І 8 (20) 
З58О.З9 (20) 
3 5 7 6 . 9 6 (1+0) 
З582.І+І (20) 
З58О.6І (20) 
3577 .17 (ho) 
З 6 І І . 9 5 (20) 
З 6 0 9 . 9 2 (20) 
3 6 0 6 . 3 8 (1+0) 
CALC. PEAK 
FREQ. (kHz) 
3 5 7 3 . 2 9 
3575.1+7 
3579.01+ 
3 5 8 1 . 2 9 
З 5 7 6 . 9 6 
З579.ЗІ+ 
3 6 0 8 . 6 6 
EXP. PEAK 
FREQ. (kHz) 
3 5 7 2 . 2 
3 5 7 5 . 9 
З 5 7 8 . 5 
З 5 8 І . 2 
З 5 7 6 . 9 
З578.І+ 
З 6 0 7 . 9 
hl 
group A (j=1,F1=5/2,F1' = 1/2) 
(F.Mp) •* (F'.Mp.) 
(2,0 ) -»• (0 ,0 ): -0.2eqQ-lic +1.2c -O.OGd -0.2d = 1598.10(10 kHz 
(2,¿I) •> (1 ,±1 ): -0.2eqQ-l+c1+0.533c2+0.587dT+1.li7ds = 1591.35(5) kHz 
(3,0 ) •+ (1 ,0 ), and 
(3,*1) * (1 ,±1 ): -0.2eqQ-l+c1-0.677c2-0.133dT-0.33ds = 1578.21(8) kHz 
group D (J=2,F1=5/2,F^=1/2) 
(F.Mp,) - (F'.Mp,) 
(2,±1) * (1 ,±1 ): _5eqQ/7-Uc^І.бс^І.00(^+0.kId = 3Ul5.59(l7)kHz 
(2,0 ) - (0 ,0 ), 
(3,0 ) -* (1 ,0 ), and 
(3,4) -> (1 ,±1 ): -5eqQ/7-Uc
r
0.317c2-0.ll+dT+0.17ds = 3395.5U( 12)kHz. 
The hyperfine constants for v=0 (Table h.6) have been computed from these 
equations. 
For the extrapolation known values of the rotational constant (GRE 6θ) 
and the dipole moment (GRA бз) have been used. Recent determination of the ro­
tational constants by Veazay and Gordy (VEA 65) give more accurate values. 
The dipole moment is found to be about 0.1 per cent larger (Sect. Ì+.7) than 
the value of Graff and Runolfsson (GRA 63). These new values do, however, 
change the extrapolated frequencies given above only by about 1 Hz and do 
not affect the hyperfine constants as given in Table 1+.6. 
The measurements of the С group have been used to calculate the vi­
brational dependence of the constants eqQ (Table 1+.7). The influence of the 
vibrational quantum number ν on the other hyperfine constants has been 
neglected. The constants с seems to depend slightly on ν as can be deduced 
г 
from the A group measurements (Fig. 1+.5). 
Some measured and calculated peak frequencies are tabulated in Tables 
1+.1 and 1+.2 for the A and С groups. All measured and calculated peak 
frequencies are published elsewhere (WAC 67a). In order to calculate the 
frequencies from the energy matrices (GRA бЗ) we have used the hyperfine 
constants deduced from the very weak field data (Tables k.6 and I4.7). The 
peak frequencies of unresolved transitions have been averaged with the 
relative intensities as statistical weights. If the difference of 
frequencies of unresolved transitions is smaller than 5 kHz the errors 
introduced by this procedure are less than about 100 Hz. The fit between 
measured and calculated frequencies is excellent and no reason was seen 
1+8 
ТаЪІе 1+.3 Several measured and calculated peak frequencies of the group С 
transitions for the v=0 level of 3 9K 3 5C1. Relative intensities 
are given in parentheses; È Ц E . 
de Кг 
E d c 
(V/cm) 
I.9I+ 
7.265 
13.063 
E RF 
(V/cm) 
3.0 
0 .50 
О.28 
CALCULATED 
FREQ. (kHz) 
2558.09 (26) 
2557.1*1 (35) 
2557.27 ( 6) 
2556.63 (1І+) 
2552.59 (20) 
2551.92 (11) 
2551.10 (27) 
2568.61 (37) 
2568.25 (i+o) 
2567.6I ( 2) 
256І+.ЗІ (19) 
256I+.25 (20) 
2563.1*7 ( 2) 
2562.I+8 (37) 
2615.91 (**o) 
2615.65 (1*0) 
26IO.89 (20) 
2609.07 (1*0) 
2608.77 (20) 
CALC. PEAK 
FREQ. (kHz) 
2557.1*8 
2551.76 
2568.1+0 
2563.1*0 
2615.78 
2609.I+5 
EXP. PEAK 
FREQ. (kHz) 
2557.5 
255I.7 
2568.6 
2563.5 
2615.5 
2609.6 
Table 1+.1+ Measured and calculated peak Table 1+.5 Measured and calculated peak 
frequencies for the v=0 level of 3 9K 1 9F frequencies for the v=0 level of 3 9K 3 5C1 
and ^ K 1 9 ? at E, = ЗбО V/cm; Ё, J_Ë. 
de de RF* 
T r a n s . 
1 
2a 
2b 
3 
1+ 
5a 
5b 
6 
3 9 K 1 9 F 
meas . 
1+1239.1 
I+2252.7 
І+2263.О 
I+2O16.8 
I+I+O9I.5 
1+1+61+5.7 
I+I+65I*. 5 
I+5669.2 
c a l e . 
І+І23О.О 
I+2252.I 
І+2263.5 
І+2О16.З 
1+1+092.1+ 
1+1+61+1+.6 
l+1+655.5 
1+5670.1 
4 1 K 1 9 F 
m e a s . 
1+11+70.1+ 
I+2702.7 
І+271З.З 
1+3390.1+ 
І+І+9І+2.З 
І+5619.З 
І+563О.І 
I+6862.2 
c a l e . 
І+ІІ+7О.О 
І+2702.З 
І+27ІЗ.І+ 
І+ЗЗ89.2 
І+І+9І+З.З 
I+5620.2 
І+563О.9 
I+6865.O 
and 3 9K 3 7C1 at Е„ = 200 V/cm; E, _LË * de * de RF 
Trans. 
l a 
1b 
2a 
2Ъ 
За 
ЗЪ 
ì+a 
1+b 
5a 
5b 
6a 
6b 
3 9 K 3 5 C 1 
meas. 
З9929 
3991*2.5 
I+0660 
1+067І+ 
ί+ιοΐ+9 
і+іобз 
1+19б7 
1+1981.5 
1+2356.5 
1+2370.5 
1+3086 
1+3101+ 
c a l e . 
З9927.З 
3991*1*. 9 
I+O658.O 
I+0675.6 
1+101+7.5 
1+1065.1 
ί+1966.7 
1+1981+.3 
1+2355.2 
1+2372.8 
1+3086.9 
і+зюі+.б 
3 9
К
3 7
С 1 
meas . 
I+II2O.5 
1+1130.5 
I+IO5O.5 
I+IO7O 
I+22I+6.5 
I+2258 
І+ЗІ6І+.5 
1*3177 
І+З55І+ 
І+З565.5 
I+I+286.5 
I+I+297.5 
c a l e . 
1+1126.7 
І+ІІІ+О.5 
1+1858.6 
1+1072.1+ 
1+221+6.5 
1+2260.3 
1+3166.7 
1+3100.5 
1+355ι*.7 
1+3560.6 
1+2206.5 
1+1+300.3 
* All numbers are in kHz. 
to change the hyperfine constants as obtained from measurements with 
E, <5 V/cm. dc 
The С group measurements of ^ K 1 9 ? for v=0 have been compared with the 
3 9K 1 9F measurements at the same values of E, . Because these measurements 
dc 
have been performed a t very weak, f i e l d c o n d i t i o n s , t h e r a t i o of t h e peak 
frequencies ν of ^ K 1 9 ? and 3 9 K 1 9 F has been put equal t o t h e r a t i o of t h e 
corresponding values of eqQ: 
(Vp) t l K 19 F /(^ p )39 K 19 F = ( e q Q ) l t l K : 1 9 F / ( e q Q ) 3 9 K l 9 F 
where υ i s a function of t h e hyperf ine cons tants and β (WAC 65b): 
V
P
=
- | ö e ( l Q - ? C l 4 C 2 + d T + f d s + ? ß 
The strong field results of ^K 1 9? show that the с values of both 
species differ less than 1 kHz. The other hyperfine constants of 3 9 K 1 9 F are 
smaller than 0.5 kHz and they are assumed to be that small for ^ K 1 9 ? too. 
The values of β=μ2Ε2/201ιΒ are smaller than 12 kHz in the experiments and 
differ less than 2 per cent for both species. As eqQ>>c (Table h.6) the 
error introduced in the eqQ value of ^ K ^ F by the above approximation is 
less than two parts in IO4. 
В. THE 3 9K 3 5C1 MOLECULE 
Even for v=0, where |eq Q | (^ 6θ kHz) is much smaller than |eq Q^| 
(^ 5.7 MHz) the very weak field and the weak field approximations give bad 
results. Using the appropriate matrices (LEE 66a) a set of constants has 
been found by a trial procedure (Table І+.0). 
In Table h.3 several experimental and theoretical peak frequencies of 
the С group transitions are tabulated for v=0. All experimental and corre­
sponding theoretical peak frequencies are published elsewhere (WAC бТа). 
The 3 9K 3 7C1 spectral lines fall closely together with the lines of 
3 9K 3 5C1 and have not been resolved. The measured peak frequencies have been 
taken to be the peak frequencies of the 3 9K 3 5C1 spectra. A systematic error 
is hereby introduced. Nevertheless, agreement with the results from the 
strong field case, where the spectra of both species are resolved, is 
excellent for the eqQ values. The values of the other hyperfine constamts 
have a relatively large uncertainty due to the neglect of the transitions 
of 3 9K 3 7C1. 
50 
The accepted values of the rotational constants (CLO 6k) and the dipole 
moments are presented in Table k.Q. 
k.6 EVALUATION OF MOLECULAE CONSTANTS FROM THE STRONG STARK FIELD DATA 
In the case of strong Stark fields the transition frequencies have been 
calculated for KF using the matrices given in the literature (GRA 63) with 
addition of terms of order (pE^ChB) 3, (yE)6/(hB)5, and (ME/hB)2(eqQ) 
(Sect. 3.6). For KCl the matrices of the Appendix have been used (see, how­
ever Sect. 3.6). All measured and calculated frequencies are tabulated else­
where (WAC 67a). Another calculation (WAC 67b) using larger matrices gives 
the same results for the calculated constants. 
A. THE KF MOLECULE 
In Table h.h we have tabulated the measured and calculated peak frequen­
cies at E = ЗбО V/cm for the v=0 levels of 3 9K 1 9F and ^ K ^ F . Apart from the 
degeneracy ΔΜ =±1, the transitions 2a, 2b, and 5a are single transitions; 5b 
is composed of two, 1 and k are composed of three, and 3 and б are composed 
of four transitions. The peak frequencies of the transitions 1, 3, U, 5b, and 
6 have been calculated by statistically averaging over the contributing tran­
sitions. The dipole moments have been varied until an optimum fit between 
calculated and experimental frequencies has been found. These optimum values 
are given in Table k.J. 
For the calculation of the transition frequencies of 3 9K 1 9F the rotational 
constants of Veazay and Gordy (VEA 65) and the hyperfine constants from our 
weak field data have been used. 
From the rotational constants and the Dunham coefficients of 3 9K 1 9F one 
can estimate the rotational constants of ^ K ^ F . We put: 
В ("iKF) = Ü ^ B (39KF) 
Yn1( l t lKF) = Yn i(3 9KF) - В ( 3 9 KF) + В С^КР) = 0253.11+1+( 100) MHz Ui 01 e e 
Y,AklKF) = Y 1 1 ( 3 9 K F ) B 2 ( l t l K F ) / B 2 ( 3 9 K F ) = 67.773(100) MHz 
l i i l e e 
Y21(
ltlKF) = Y 2 1(
3 9KF) = 0.107( 10) MHz 
Herein 3 9m and ^ m are the reduced masses of 3 9K 1 9F and ^ K ^ F , respectively, 
while В , Υ»,, Υ,,, and Y^, have their usual meaning (VEA 65). With the 
e 01 11 21 
relation: 
51 
в( =о) = Y 0 1 - γ^/2 + Υ 2 1 Α 
one finds : 
В( =0) = 022U.300 (150) MHz. 
This value has been used to evaluate the dipole moment y(v=0) of ^ K 1 9 ? . The 
quadrupole interaction constant necessary for this calculation has been ob­
tained from the weak field results, while the other hyperfine constants have 
been assumed equal to the corresponding constants of 3 9K 1 9F. 
B. THE KCl MOLECULE 
The measured and calculated peak frequencies for the v=0 levels of 
3 9K 3 5C1 and 3 9K 3 7C1 at E, =200 V/cm are tabulated in Table 4.5. All calcu-
dc 
lated peak frequencies are statistical averages of four transitions. 
At field strengths Ε >0θ V/cm the measured splitting of transitions 
noted as a and b is too small due to the relatively large line width. The 
rotational constants have been taken from the paper by Clouser and Gordy 
(CLO 6U). The best fit has been found by changing slightly the quadrupole 
interaction constants obtained in the weak field case. The final values of 
these constants are given in Table 1+.0, which also contains the dipole mo­
ments giving the best fit. 
l+.T PRESENT AND PREVIOUS RESULTS FOR THE MOLECULES KF AHD KCl 
In Tables 4.6, k.J, and U.O our results on 3 9K 1 9F, ^ К 1 9 ? , 3 9K 3 5C1, and 
3 9K 3 7C1 are presented. For comparison also the results of other investigators 
and the accepted molecular constants are tabulated. The error of a constant 
is given in parentheses, e.g., -5666.7 (3) means -5666.7*0.3. The errors are 
statistical for the hyperfine constants and absolute for the dipole moments. 
Let υ(cale) be a frequency calculated with the set of present constants 
and v(exp) the corresponding experimental frequency with error Л (ехр). By 
increasing one of the constants (in the argument of v(calc)) by its statisti­
cal error, v(calc) changes into v'icalc). The statistical errors of the 
present results are defined by: 
( = UN ) У" ν'(cale) - v(exp)
 2
 ,_ V - ν (cale) - v(exp) 
z
— A../ ' N - 2.5 Z_
 д
 , ч 
Д (ехр) Д (ехр) 
л 
Table H.6 Hyperfine constants of KF for the ν = 0 
level. All numbers are in kHz. 
3 9 K 1 9 F 
e4\ 
C K 
C
áF 
к 
u ! K 1 9 F 
C F 
P r e s e n t r e s u l t s 
- 7 9 3 3 . 8 7 (80) 
0 .35 ( 8) 
10.69 ( 7) 
0.U2 ( 6) 
0 .06 (20) 
- 9 6 6 1 . 1 (30) 
10.7U (50) 
SCH 57b 
-793U.7 ( I D 
0.380 (97) 
10.55 ( 7) 
0 .56 
GRA 63 
10.61 (7) 
0 .29 (6) 
< 1 . 5 
Table І+.7 Constants egJL·-* V, and В for 39к19р and ^ K ^ F . Dipole moments axe given in Debye, all other 
constants are in kHz. The symbols X and Y indicate the present weak and strong field results, 
respectively. 
Ref. 
X 
GRA 50 
SCH 57Ь 
GRE б0 
Y 
GRA 6 3 
VEA 6 5 
Χ 
Y 
3 9 K 1 9 F 
e < 1À 
eC1Ä 
μ 
μ 
B(J=1) 
^ K ^ F 
μ 
B(J=1) 
ν = 0 
-7933.87( 80) 
-7938 ( HO) 
-793it .7 ( И ) 
-7932 ( 3) 
8.592596(800) 
8 .585 ( U) 
8357ЗЗ6 
- 9 6 6 1 . 1 ( 30) 
8.592^78(800) 
822Η300 (150) 
ν = 1 
- 7 8 3 7 . 7 3 ( 90) 
-7828 ( Ito) 
- 7 8 3 9 . І ( 12) 
-7835 ( ю ) 
8 .661512(800) 
8.65З ( it) 
8287751 
ν = 2 
- 7 7 ^ 2 . 0 θ ( 90) 
-77UU ( ko) 
- 7 7 ^ 3 . 5 ( 13) 
-7772 ( 55) 
8 .730932(800) 
8 .723 ( U) 
8218580 
ν = 3 
-761t9.53( 90) 
-7658 ( ito) 
8.800901t (800) 
8llt9823 
ν = k 
- 7 5 5 6 . 6 1 ( 90) 
8 .871377(800) 
8θ8ΐΗ8θ 
ν = 5 
-7U6U.99( 90) 
8.9i+2319(800) 
8013551 
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where the summations extend over all N experimental peak frequencies. 
A. RESULTS FOR 3 9K 1 9F 
The present values of the hyperfine constants for v=0 are in very good 
agreement with the results of the Bonn group (GRA. бЗ, SCH 57b). For v=1 we 
find с =10.55(10) kHz. This constant has not been determined previously. 
The vibrational dependence of the eqQ values (v=0,1,2,3,^, and 5) can 
be described by the relation 
eqQ(v) = eqQ0 + eqQ1 (v+1/2) + eqQ11 (v+1/2)2 (Ц-1) 
with (in kHz): 
eqQ0 = -79O2.I8 (IO6), eqQ1 = 97.0*+ (06), eqQ11 = -0.55 (HO 
The present dipole moments differ by about 0.1 per cent with the results 
of Graff and Runolfsson (GRA 63). This is due to a slight error in the 
determination of Stark voltages by these authors (GRA 67b). The dipole 
moments in the various vibrational states can be written as : 
μ(ν) = μ 0 + μ1 (v+1/2) + μ 1 1 (v+1/2)2 (U-2) 
with (in D): 
μ 0 = 0.558320 (OOO), μ 1 = 0.068Ul1 (UO), μ 1 1 = 0.000256 (7) 
0 . . . 
The errors m μ and the dipole moments as given in Table U.7 are system­
atical errors due to the uncertainty in the values of the electric field 
strengths. The relative errors in μ and in the dipole moments are 5 x 10~6. 
B. RESULTS FOR ^K 1 9? 
The error in the ratio μ( "κ 1 9Ρ)/μ(1+1Κ1 9) = 1.0000ll+(25) for v=0 is mainly 
due to the uncertainty in B(v=0) of i|1K19F (Sect. k.G). The ratio 
(μ2/Β(ί*1Κ19Γ))/(μ2/Β(39Κ19Ρ)) can be given with better precision. For v=0 
this ratio is 1.013832(7). 
The ratio of the quadrupole interaction constants of ^ K 1 9? and 3 9K 1 9F 
for v=0 is 1.2177(3). This result is in good agreement with the results of 
Lee et al. (LEE 53), who reported Q( 4 1K)/Q( 3 9K) = 1.220(2) from their KCl 
Table k.Q Molecular constants of 3 9K 3 5C1 ana 3 9K 3 7C1 for several vibrational levels. Dipole moments are given 
in Debye, all other constants are given in kHz. The symbols X and Y indicate the present weak and 
strong field results, respectively, while Ζ stands for averaged present results. 
Ref. 
X 
X 
X 
X 
X 
X 
Y 
Y 
Y 
Y 
ζ 
ζ 
LEE 53 
LEE 53 
LEE 53 
HOL 66 
TAT 5^ 
CLO 6k 
Y 
Y 
Y 
Y 
LEE 53 
CLO 6k 
3 9K3 5 C 1 
e4% 
e t l
c i Q c i 
К d ? d T 
e t l
c i Q c i 
μ 
μ ( ν ) / μ ( ν = 0 ) 
e q p , Q p , 
С1
Л
С1 
е
Ч 'к 
e V i Q n Cl LI 
У 
μ 
μ 
B(J=1) 
3 9 K 3 7 C 1 
e q
r
, , Q p 1 Cl Cl 
μ 
μ(ν)/μ(ν=0) 
ІЬ^ 
ν = 0 
-5666.7 ( 3) 
57.9 ( 12) 
0.27 ( 5) 
0.1+0 ( 15) 
0.50 ( 23) 
- 0 . 3 0 ( 23) 
-5666.0 ( 15) 
59.1 ( 12) 
10.26900(100) 
1 
-5666.7 ( 3) 
58.5 ( 0) 
-5656 ( 6) 
<U0 
1 0 Λ 8 ( 5) 
10.26875 
10.1 ( 2) 
381;U 538 
-5668.2 ( 15) 
1*6.5 ( 15) 
10.26865(100) 
1 
-5660 ( 6) 
З7З52І+5 
ν = 1 
- 5 6 1 5 . 3 ( Ю) 
- 9 7 . 2 ( 30) 
-561U.T ( 20) 
- 1 0 3 . 1 ( 20) 
10.32900(100) 
1.0058U( 1) 
- 5 6 1 5 . 2 ( 9) 
- 1 0 0 . 3 ( 17) 
-5622 ( 6) 
75 ( Ю) 
ІО.32875 
З820955 
-5617.0 ( 30) 
- 7 6 . 9 ( 20) 
10.32765(100) 
1.00575( 1) 
-5628 ( 10) 
3712661 
ν = 2 
-5561+.7 ( Ю) 
- 2 5 7 . 2 ( HO) 
-5561+.0 ( 25) 
- 2 6 0 . 3 ( НО) 
10.3891+5(100) 
1.01173( 1) 
-5561+.6 ( 9) 
- 2 5 8 . 8 ( 29) 
-5571 ( 8) 
237 ( Ю) 
10.69 ( 5) 
10.3877 
37971+70 
ν = 3 
-5515.0 ( 10) 
-1+16.0 ( 1+0) 
-5517.6 ( 30) 
-1+10.0 ( 50) 
10.1+5025(100) 
1.017б5( 1) 
- 5 5 1 5 . 3 ( 9) 
-U13.7 ( 31) 
-5511 ( 8) 
393 ( 10) 
• 
3771*083 
ν = 1+ 
-51+65.0 
- 5 5 0 . 0 
- 5 5 7 . 5 
( 20) 
( 60) 
( 50) 
10.5111+0(100) 
1.02361( 1) 
-5І+65.0 
-55U.U 
3750791+ 
( 20) 
( 38) 
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measurements. 
The spin-rotation interaction constant с has been estimated from the 
г 
strong field data and approximately equals the с constant of 3 9K 1 9F (Table 
1+.6). 
C. RESULTS FOR 3 9K 3 5C1 
The present results on hyperfine constants are much more accurate than 
the results of Lee et al. (LEE 53) although the agreement is fairly good. 
The absolute values of eq Q are larger than those of Lee et al. and the 
signs of the eq .. Q .. constants have been determined now unambiguously. This 
is probably thanks to better line width in our experiments. Agreement between 
the eq^Q^ values is better although for v=0 the eq Q^ value of Lee et al. is 
too small, probably due to the fact they could not determine eq Q (v=0). 
Using Eq.(Ц-1) we find for the eqQ values at the K-nucleus (in kHz): 
eqQ0 = -5692.6З (65), eqQ1 = 52.07 (113), eqQ 1 1 = -0.37 (27), 
ana for the eqQ values at the CI-nucleus (in kHz): 
eqQ0 = IUO.5O (163), eqQ1 = -I6U.76 (258), eqQ 1 1 = 2.1U (60). 
The other hyperfine constants have been determined with only poor relative 
precision (Sect. U.5). 
The present results on electric dipole moments do not agree with the 
results of Lee et al. (LEE 53). They do, however, agree very well with the 
results of Hollowell (HOL 66). Using Eq.(h-2) one finds (in D): 
μ 0 = 10.23911 (100), ц1 = 0.05966 (lU), μ 1 1 = 0.00019 (З). 
The absolute errors in the dipole moments are given in parentheses in Table 
h.Q. The relative errors are, as in the case of 3 9K 1 9F, about 5 x 10 - 6. 
D. RESULTS FOR 3 9K 3 7C1 
The results for eqQ^ are in good agreement with the results of Lee et 
al. (LEE 53). For the 3 9KC1 molecules the ratio eqQ(35Cl)/eqQ(37Cl) equals 
I.258 (kk) for v=0. The corresponding ratio in 6LiCl is I.269H (13) (lIAR 56). 
The relative errors in the given dipole moments are 5 x 10 6 as in the 
case of 3 9K 1 9F and 3 9K 3 5C1. 
C H A P T E R V 
DISCUSSION OF DIPOLE MOMENTS, QUADRLPOLE-, SPIN - ROTATION-, 
AND SPIN-SPIN INTERACTION CONSTANTS OF THE ALKALI-HALIDES 
5.1 INTRODUCTION 
Calculation of hyperfine constants from first principles is possible, 
and the accuracy of the results depends on the quality of the electronic 
molecular wave functions used. For the simplest diatomic molecules good wave 
functions are known for the ground- and some excited states (RM 60, CLE 62, 
NES 62, KAH 63, ROO 63). 
Calculations of some molecular properties of LiH and HF show good a-
greement with experiments (STE 6Ua, STE 6Ub). Such rigorous calculations do 
not exist for other molecules and more approximate treatments give less 
satisfying results (FLY 6h). 
The ionic model discussed in Sect. 5·2 explains the dipole moments of 
the alkali-halides fairly well. Several successful attempts have been made to 
enhance the agreement between calculated and experimental values of the 
dipole moments (WIJ 66, HOL 66). In the calculations one needs the dipole 
polarizabilities of the ions constituting the molecules. It is obvious from 
the discussion in Sect. 5·3 that the dipole polarizability of a halogen ion 
as part of a molecule can be very different from the free ion value. This 
effect hinders the direct comparison of the experimental dipole moments and 
their values calculated with the ionic model. A set of polarizabilities for 
the alkali- and halogen ions can also be deduced from the experimental dipole 
moments using the ionic model. The polarizabilities of this set depend only 
on the kind of ion and not on the specific molecule, as will be shown in 
Sect. 5.6. 
Two theories of the nuclear quadrupole interaction exist. The theory of 
Townes and Daily (TOW U9) deals with molecules of covalent structure and is 
not applicable to the ionic alkali-halides. Sternheimer has developed the 
theory on anti-shielding of the nuclear quadrupole moment by the core elec­
trons (STE 50, STE 51). This theory accounts well for the gradient of the 
electric field at the nucleus of a positive ion, but fails'for negative ions. 
De Wijn (WIJ 66) assumes the polarizations of the ρ electrons to be quenched 
in order to explain the discrepancies at the halogen sites. This assumption 
alone, however, does not lead to reasonable values for the quadrupole inter­
action constants. To overcome this difficulty, de Wijn introduces a fractional 
covalency for the alkali-halides. The percentage covalency of de Wijn for the 
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various alkali-halides gives the main contribution to the gradient of the 
electric field at the halogen ions. This seems doubtful, because refined 
calculations of Das and Karplus (DAS 65) on the gradient of the electric 
field at the Cl-nucleus in the KCl molecule show that inclusion of overlap 
effects decreases the difference and that some covalent binding in the 
molecule enhances the difference between theory and experiment. 
The uncertainties in the values of the quadrupole shielding factors for 
the halogen ions (Sect. 5·3) hinders the testing of Sternheimer's theory. A 
set of quadrupole shielding factors can be deduced from the experimental 
quadrupole interaction constants and the ionic model (Sect. 5·Τ)· The factors 
of this set are not constant for a halogen ion, but depend largely on the 
specific molecule. Attempts to explain the discrepancies at the halogen sites 
are highly speculative. 
In Sect. 5.1+ the dependence of the dipole moment and of the quadrupole 
interaction constant on vibration is discussed. As will be shown in Sects. 
5.6 and 5·Τ this treatment leads to a vibrational dependence of the polari-
zabilities and of the anti-shielding factors. The dependence of the dipole 
moment on isotopie substitution is discussed in Sect. 5·5. 
Simplified calculations fail to explain the measured spin-rotation 
interaction constants (FLY 6h). Two empirical formulae are presented in Sect. 
5.8, which give fair agreement for the measured constants. 
In Sect. 5.9 the measured values of the direct spin-spin interaction 
constants are compared with the values calculated from the interaction of two 
classical dipole moments. 
Some general conclusions will be drawn in Sect. 5.10 with respect to the 
models and calculations of this chapter. 
5.2 THE IONIC MODEL 
A. THE DIPOLE MOMENT 
Bonding in alkali-halide molecules is strongly ionic. In a first approxi­
mation one assumes these molecules to consist of two spherical ions placed 
at a certain distance R from each other. Rittner (RIT 51) used an ion model 
in which each ion is polarized by the electrostatic field of the other one. 
He considered the molecular dipole moment to be: 
u(R) = eR - (p'+yp (5-1) 
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where the induced dipole moments μ' and μ' are given Ъу: 
e 2u,2 
μ' = α E =
 α
 ( — + —£ ) 
1 1
 ' ' ^2 рЗ 
R
 R ;
 (5-2) 
μ' = α E = α ( — + — £ ) 
2 2 2 2
 R 2 R 3 
with E and E being the electrostatic fields at the centers of ions 1 and 2 
disregarding shielding effects; the quantities α eind α are the dipole 
polarizabilities of ions 1 and 2, respectively. By solving Eqs.(5-2) and 
substituting the result in Eq.(5-1) yields: 
1. 
(5-3) μ(Η) = eR 
(a1+a2)R
3
 + ba a 
R6 - ka^2 
The distance R is generally taken to be the internuclear distance R which is 
different from the distance between the centers of electron charge distribu­
tions of the two ions due to the polarization. For distances R not much differ­
ent from R , one can expand Eq.(5-3) in powers of ξ = (R-R )/R (SCH 59). 
e е е 
The actual field strength varies within the electron charge distributions 
of the ions and the polarizability needs not to be constant for the same ion 
in different molecules. In consequence, Eq.(5-3) has to be seen more as a 
phenomenological description of experimental data than as a theoretically 
well based formula. 
A. THE GRADIENT OF THE ELECTRIC FIELD AT THE NUCLEUS 
If we disregard shielding effects in the ionic model, the gradient of 
the electric field at the nucleus of ion A due to the neighbouring ion В is 
given by: 
E. = _ 2e ( 1 +з / R3) (5_U) 
1
 R 3 2 
This is the field gradient due to a point charge e and an induced dipole 
moment ea /R, both at the center of ion B. Higher order induced multipele 
moments have been neglected. These higher order moments decrease the magni­
tude of the field gradient at the alkali nucleus and scarcely influence the 
gradient at the halogen nucleus in an alkali-halide molecule (BUR 59). 
Due to anti-shielding by the core electrons of ion A, the actual field 
gradient at nucleus A can be written as: 
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q= (1 - yjE\ (5-5) 
where γ is called the quadrupole shielding factor of ion A (DAL 62). The 
factor γ is also referred to as the quadrupole anti-shielding factor (STE 66). 
5.3 POLARIZABILITIES АЖ) SHIELDING FACTORS 
Many papers have been published with calculations of polarizabilities 
and shielding factors of free atoms and ions. An excellent review of the differ­
ent ways of calculating these quantities and the results up to I962 has been 
given by Dalgaxno (DAL 62). 
The polarizability of ions is mainly due to angular excitation of 
orbitals such as ρ •*• d or d -*• f (STE 5^ )j whereas the quadrupole shielding 
factors axe mainly due to radial excitations (STE 56, STE 63). 
A. DIPOLE POLARIZABILITIES 
In Table 5·1 we summarize the most accurate calculated values for the 
dipole polarizabilities α of the alkali- and halogen ions. For these ions 
also some experimental values have been obtained from anaJLysis of the Ryd-
berg-Ritz corrections for spectral series (BOR 2k, MAY 33), from the indices 
of refraction of salts of aqueous solutions (FAJ 2h), and from refraction 
data on crystals (TES 53). 
For the Li and F ions the values of Table 5·1 are fairly accurate as 
these values have been calculated with perturbed orbitals in the coupled 
Hartree-Fock scheme (DAL 62). All other calculated values are not very accu­
rate. 
The induced dipole moment of an atom or an ion in an electric field 
E = e R~2 with derivatives E', E" etc. can be written as (BUG 59): 
. , = α E = α^Ε + · 7 • γ E 3 + - B E E , + -=- G E" + . . . i n d D 6 ' 3 5 
(5-6) 
e 1 „ e 2 „ e2 
- -г -, γ -
Rz J W R4 " R5 D R6 
= α — + ^ G — - -| В — +1γ-ΐ-+ OJR"7] , 
D R2 30 ц 3 _5 6 _c L J 
where the constants α and γ are called the dipole polarizability and hyper-
D 
1 *3 polarizability, respectively. In most cases the term -¿ γ EJ can be neglected. 
The orders of magnitude of В and G are unknown. For the F~ ion γ is so large 
(СОН 66) that in an alkali-fluoride molecule with E of about IO6 e.s.е., the 
1 ч term 'T" γ E-3 is of the same order of magnitude as α E. 
6ο 
Table 5·1 Calculated and experimental values of the dipole polarizability a. 
for the alkali- and halogen ions. The numbers are in units A . 
1 
C a l c u l a t e d 
v a l u e s 
Exper imen­
t a l v a l u e s 
L i + 
0 . 0 2 8 0 8 ^ 
0.0281 
0.0280 C 
0.079 1 
0.075 2 
0.025 3 
0.029 ** 
0.029 5 
Na+ 
o . i U o d 
o.iUoJ 
0 . 1 5 H f 
0.20 1 
0.21 2 
0.17 3 
0 . 2 5 5 4 
0.18 5 
K+ 
1.2іцв+ 
1 . 1 3 5 h + 
0.88 ι 
0 .87 2 
0.80 3 
1 . 2 0 1 4 
0.8U 5 
Rb+ 
2 . 9 2 0 g 
* 
і Л і
 1 
1.81 2 
1.5 3 
1.797 l+ 
l . U i 5 
C s + 
5.60 s 
* 
2.1+6 1 
2 .79 2 
2 . 3 5 3 
3.137 l t 
2.U2 5 
F 
1.1+0 d 
1.560 e 
1.2 
0 .99 1 
0.99 2 
0.759¿+ 
LOU 5 
CI 
6 . 6 l 1 + 
3 .55 1 1 
3 .05 2 2 
2.971+i+ 
3.66 5 
Br" 
5.00 ì 
It.17 2 
І+.ІЗО1* 
Ì+.78 5 
I " 
7 .58 ! 
6 .28 2 
6 . I 9 9 4 
7.12 5 
t not very accurate values 
* values are calculated using Hartree functions which usually overestimate 
α considerably (DAL 62). 
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Table 5.2 Calculated values of the quadrupole shielding factors γ (th) for 
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+O.257 2 
+0.2І+8 3 
+0.2k9t* 
Na+ 
- I + . 5 I 2 
- 5 . I 8 5 
-I+.56 6 
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- 1 2 . 2 2 
- 1 7 . З 2 7 
-12.81+ 8 
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-1+7-2 ь 
-1+9.29θ 
-50 9 
C s + 
-110.1+1+8 
-110 9 
- 1 0 2 . 5 1 0 
F " 
-22.1+ 2 
- 2 9 . 8 8 5 
- 2 2 . 5 3 6 
C l " 
-60 2 
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It is known that γ is extremely small for the Na ion (СОН 66). We there­
fore assume that for an alkali ion only the term α E is important, while for 
a halogen ion more terms of Eq.(5-6) have to be taken into account. If a 
charge is placed at a distance R from an ion, the induced dipole moment will 
be approximately equal to α E with α independent on R, provided the ion is ал 
alkali ion. Calculations of Bvirns (BUR 59) show that for a halogen ion, on the 
contrary, the induced moment will be different from oi-E, and μ. ,/E will be a 
a function of R. 
B. THE QUARUPOLE SHIELDING FACTORS 
The quadrupole shielding factor is defined in Eq.(5-5)· The best values 
of у
ш
 calculated from first principles, γ (th), are given in Table 5·2 for the 
alkali- and halogen ions. For the Li ion the small positive value corresponds 
to shielding, but for all other ions there is considerable anti-shielding, 
i.e. the gradient of the electric field is enhanced. Most of the recent calcu­
lations of Y^th) have been performed using the coupled Hartree-Fock approxi­
mation. 
The usual self-consistent wave functions have too small a value near the 
nucleus and the use of better wave functions enhances the value of -γ (th) 
(BUR 59)· In the ionic model the charge is located at some Bohr orbits from 
the ion in question. Then, the absolute value of the shielding factor is 
smaller than the value ^ ( t h ) | (FOL 5^, BUR 59). Both effects somewhat 
compensate. 
Burns (BUR 59) has shown that second order effects give non-negligible 
contributions to the shielding factors of the halogen ions. Sternheimer 
(STE 66) calculates that these effects decrease the value of -γ (th) for the 
Cl" ion with 20%. 
The accuracy of a shielding factor given in Table 5·2 depends on the 
kind of ion concerned. For the halogen ions the absolute values of the tabu­
lated γ (th) factors are probably too· large due to neglect of higher order 
effects in the calculations, whereas the tabulated γ (th) values for the 
OO 
alkali ions are more accurate. 
5.h THE DEPENDENCE OF MOLECULAR CONSTANTS ON VIBRATION 
In the Born-Oppenheimer approximation the effective potential function 
V(R) of the vibrating rotator can be written as (TOW 55, p.10): 
V(R) = anÇ2(l+a1Ç+a0Ç2+ ) + В J(j+1)(1-2ξ+3ξ2- ) (5-7) 
0 1 2 e 
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with 
ξ = (R-R )/R 
e e 
B
e
 = Ъ / 8 ^ 2,, R2 
e 
where R is the equilibrium nuclear distance, R the instantaneous distance 
of the two nuclei, and μ,, the reduced mass : 
M 
μ« = 
w 
M \ + \ 
The expectation values of powers of ζ are known as functions of J, Β , 
ω , (v+1/2), (v+1/2)2, and of the potential constants a. (SCH 6l, RAM 52). 
Omitting terms of order 0 Ι(Β /ω )31 these values are: 
<ξ> = (Β /ω )2{1+J(J+1) - (іЗа.-гЗа.а +21a.3/2)A} + 
е е 3 1 <¿ 1 
(Β /ω ) (-За . ) (v+1/2) + 
е е ι 
(В /ш
в
) 2 (-15а_+39а 1 а 0 -и5аЗ/2)(v+1/2) 2 
е е 3 1 2 1 
<Ç2> = (В /ω ) 2 ( - 6 а _ + 7 а 2 ) Д + 
е е ¿ 1 
(В /ω )2( +1/2) + 
e e 
(Β /ω ) 2 ( - 6 a _ + 1 5 a 2 ) ( v + 1 / 2 ) 2 (5-0) 
е е ¿ ι 
<ξ3> = (Β /ω ) 2 ( - 7 & 1 Α ) + 
е е l 
(Β /ω ) 2 ( - 1 5 a 1 ) ( v + 1 / 2 ) 2 
е е 1 
<ÇS = (В /ω ) 2 ( 3 / 2 ) + 
e e 
(Β /ω ) 2 б( + 1 / 2 ) 2 
e e 
<ζ > = о for η > k 
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A. THE DIPOLE MOMENT 
Using the Born-Oppenheimer approximation the instantaneous value of the 
dipole moment M(R) сал be written as a Taylor expansion in ζ for values of R 
in the neighbourhood of R : 
μ(Η) = u
e
 + y ^ + У 2С
2
 + (5-9) 
By expanding Eq.(5-3) and equating coefficients of the same power of ξ, the 
values of μ , μ , μ etc. can be given as a function of R and the polariza-
bilities α and α of both ions (SCH 59), provided α and a are constants. 
Using Eq.(5-0) one finds for the vibrational dependence of the expectation 
values of μ : 
¿ u1'j(v+D1Jj(J+l)j <u(v,j)> = Ζ  d  JJ 1 J (5-10) 
l=0,j=0 
The constants μ decrease roughly by a factor of Β /ω and (Β /ω ) 2 for an 
е е е е 
increase of 1 and j by one, respectively. All known experimental results can 
be explained with (Eq.(U-2)): 
(5-11) 
0,0 1,0, TV 2,0, ivo 
μ = μ ' + μ ' ( +г) + μ ' (v+g)2 = 
= μ + μ (v+i) + μ (v+g)2 
where in our approximation : 
μ0 = u
e
 + (B e ^ e ) 2 [ y i {î t J ( J+ l ) + (23a1a2-15a3-21a3/2)A}+M2(Ta2-6a2)A 
-TU3a1A+3y i t/2] 
μ1 = (Β6/ω6)[2μ2-3μ1 & 11 (5-12) 
μ 1 1* (В
е
/
Ш е
) 2 [
Р і
(39а 1 а 2 -15а 3 -и5а 1 3 /2)+ М 2 ( і5а 2 -6а 2 )-15а і У з +б и ц ] 
This expansion is correct only if (Β /ω )(v+g)<<1 and (Β /ω ) 2 J(J+l)<<1. 
е е е е 
For the alkali-halides this is always the case at small values of ν and J. 
B. THE QUADRUPOLE INTERACTION CONSTANT 
The vibrational dependence of the gradient of the electric field follows 
from the Taylor expansion: 
6k 
<(Re/R)n> = 1 - n<Ç> + ^ η(η-ΐ)<ξ2> - ζη(η-ΐ)(η-2)<ξ3> + (5-13) 
and Eqs.(5-^,3), provided γ^ is independent of R. The dependence on ν can be 
described by equations similar to Eqs.(5-10,11). 
C. OTHER MOLECULAR CONSTMTS 
For constants whose dependence on R is not clear, one formally assumes, 
that they are proportional to R with variable 1 (NEW 50, "RAM 52, BOE 6k). 
Using Eqs.(5-0,13) one finds the vibrational dependence of these constants: 
<R1> = R^l + (Β /ω H K l - l M l a J í v + í ) + 0 Γ(Β /ω )21 } (5-1^) 
e е е i L e e J 
Using the ionic model one can assume that the vibrational dependence of 
the polarizability and the shielding factor of an ion in an aliali-halide 
molecule is of similar form as given in Eqs.(5-11,1*0 · 
5.5 THE INFLUENCE OF IS0T0PIC SUBSTITUTION 
A. THE DIPOLE MOMENT 
According to Schlier (SCH 59) two effects can change the values of mo­
lecular constants if a nucleus in an alkali-halide molecule is replaced by 
its isotope. Firstly, in consequence of the different volumes of the two iso­
topie nuclei, the wave function of the electrons can change. Hereby mainly 
the s-electrons of the ion in question will be affected and this change will 
be independent of direction. Accordingly, the direct change of the dipole 
moment will be zero in first order. On the other hand, the change of wave 
function can alter the distance between the two nuclei of the molecule. This 
change, however, amounts to less than 2 ppm for the alkali-halide molecules 
(RUS 62, CLO 61+, VEA 65). Secondly, the measured values of the dipole moments 
μ(ν) depend on vibration, while the vibration itself depends on the masses 
of the nuclei. In first order the dependence of the dipole moment on vibra­
tion is given by (Eqs.(5-11,12)): 
μ(ν) = у + (В /Ue){-3a1u1+2u_}(v+i) + θΓ(Β /ω )
2] (5-15) 
e е е л \ ¿ L e e J 
The potential, constant a is very little influenced by isotopie substitu-
tion (RUS 62, CLO 6U, VEA 65). The same holds for the quantities у , μ., and 
e 1 
y 0 because they are functions of R , a. and a„ only. The quantity Β /ω is ¿ 1 e 1 ¿ е е 
proportional to μ 2 where μ is the reduced mass of the molecule. If we 
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denote with μ(ν),μ and μ,('ν),μΛ the dipole moments and the reduced masses, 
respectively, of two molecules differing only by one isotopie substitution, 
one gets: 
p'(v) - μ(ν) = Mv+l)-y(v)H(u¿AiMH-i}(v+a) (5-16) 
which is a formula already given by Schlier (SCH 59). 
5.6 THE DIPOLE MOMENTS 
Let us assume that the polarizability of an ion A as part of an alkali-
halide molecule AB is independent of the specific choice of B. Under this as-
sumption the experimental values of the dipole moments combined with Eq.(5-3) 
overdetermine the set of polarizabilities for the alkali- and halogen ions. 
It is rather interesting that this approach yields a consistent set of polar-
izabilities. The polarizabilities of the alkali ions of this set nearly coin-
cide with those calculated for the free alkali ions, but the polarizabilities 
of the halogen ions are all roughly h0% lower than the calculated values of 
Table 5. 1. 
The polarizabilities of the alkali ions are assumed to be independent 
of vibration, as they are nearly independent of the internuclear distance 
(Sect. 5·3). Then the polarizabilities α (ν) of the halogen ions as obtained 
from the fit between experimental dipole moments and Eqs.(5-12) can, in analo­
gy with Eq.(5-1l), be written as 
α (ν) = α 0 + (Л +І) (5-17) 
с 
If the dependence of α (ν) on R/R can be written as <(R/R ) >, one can 
c
 I e0 e 
calculate 1 from the value of α /α using Eq.(5-lU). The resulting 1 values 
with the corresponding values of α , α , and a are tabulated in Table 5.^. 
The values of ß , ω , R , a,, a., and a_ of the alkali-halides are listed in 
e e e 1 ¿ j 
Table 5.3. 
For the Cs-halides the values of α are negligibly small, whereas for 
T O — 
the other alkali-halides α /a is about 10 2. One finds 1=9, which may be 
an indication that in the expansion of Eq.(5-6) many terms have to be in­
cluded. The vibrational-electronic interaction, giving ал additional de­
pendence on vibration (SCH 59) has been neglected. The order of magnitude of 
this interaction cannot be estimated, but must be calculated using electronic 
wave functions. 
Table 5.^ Experimental dipole moments and the dipole polarizabilities α of the halogen ions, giving a fit 
оч 
ON 
between the experimental dipole moments and those calculated with the ionic model (Eq.(5-3)). Also 
+ · + •
 0 I the quantities α , α 
bilities in units Ä3. 
(Eq.(5-17) ала 1 are tabulated. Dipole moments are given in Debye, polariza-
bLi i y F 
2 3 N a 19 F 
39 K 19F 
8 5 R b 19F 
1 3 3 C s 19 F 
6Li 3 5 C 1 
2 3ria 3 5 C 1 
39 K 3 5 C 1 
13 3 C s 3 5 C 1 
6 L i / y B r 
39K 7 9 B r 
6 L i 1 2 7 I 
Ref. 
WHA 63 
HOL 6k 
WAG 67c 
GRA 67a 
GRA 65b 
LID 61+ 
GOL 62 
WAG 67Ъ 
LUC 53 
HEB 61+ 
WAG 67c 
BRE 65 
0 μ 
exp 
6.281+1+6 
8.123І+9 
8.55032 
0.51U 
7.01+2 
7.0758 
0.970 
10.2391 
10.1+16 
7.2265О 
IO.6026 
7.ЗО7 
μ (v=0) 
exp 
6.327 61+ 
O.I5576 
О.5926О 
8.5І+65З 
7 .070 
7.1195 
9.000 
IO.269OO 
10.1+1+0 
7.26797 
10.62007 
7.1+285 
μ ( v = l ) 
exp 
6.I+I5II 
8.22086 
8.6615I 
8.6ІЗ5О 
7 .950 
7 .2069 
9.O6I 
.10.32900 
10.512 
7 .З5228 
IO.67O91 
7 .5120 
^ χ ρ
( ν = 2 ) 
6.503І+1 
8.2067O 
0.73093 
7.2961+ 
9.122 
10.309І+5 
10.560 
7.1+3772 
10.73031+ 
0 
a 
О.5827 
О.5716 
0.5732 
О.5796 
О.5763 
2.1768 
2.3І+ІО 
2.2377 
2.2109 
3.0732 
З.1О75 
1+.813 
a (v=0) 
с 
0 .5875 
0.5770 
0.5772 
0.5029 
0.5761+ 
2.1093 
2.3510 
2.2І+5І+ 
2.2100 
3.0003 
3.19б0 
i+.озб 
α ( v = l ) 
с 
0.5979 
0.5902 
0.581+7 
0 .5888 
0.5766 
2.211+9 
2 .3720 
2.2610 
2.2108 
3.1195 
3.2130 
1+.0Ô2 
α (ν=2) 
с 
о.бовз 
0.6027 
0 .5923 
2 .2396 
2 . 3 9 ^ 
2 .2766 
2 . 2 1 9 3 
3.11+90 
3.2316 
I 
0.0102 
0.0121+ 
0.0076 
о.ообо 
0.0002 
0.0250 
0.0210 
0.0156 
0.0001 
о.озоб 
0.0180 
o.oi+б 
I . 0 
α /α 
0.0175 
0.0217 
0.0132 
0.010І+ 
0.0003 
0.0115 
0.0090 
0.0070 
0.0000 
0.0100 
0.0057 
0.0096 
1 
- 8 .65 
- 1 0 . 8 6 
- 1 0 . 3 2 
- 1 0 . 2 1 
- 8.17 
- 8.51 
- 9 .77 
- 1 0 . 1 7 
- 9 .95 
- 8.31+ 
- 1 0 . 2 3 
- 8.37 
The following values (in A 3) for the dipole polarizabilities of the alkali ions have been used (Table 5.1): 
α (Li )=0.025, aD(Na )=0.22,aD(K ) = 1.00, aD(Rb )=1.6θ, and a^Cs )=2.77. 
Table 5·5 Isotopie dependence of dipole moments. From tabulated values of experimental dipole moments μ (v=0) 
and μ (V=1) the dipole moment μ' (v=0) of an isotopie molecule has been calculated with Eq.(5-l6) 
and is compared with the experimental value μ' (v=0). All numbers are in Debye units. 
6 L i 3 5 C l 
6 L i 7 9 B r 
39K 3 5 C 1 
39K 7 9 B r 
Ref. 
LID 61+ 
HEB 61+ 
WAG 67b 
WAG 67c 
μ (v=0) 
exp 
7 . I I 9 5 
7.26797 
IO.269OO 
IO.62807 
μ
6 χ ρ
( ν = ΐ ) 
7.2069 
7.35220 
10.32900 
10.67091 
b L i d / C l 
6 L i 8 1 B r 
39 K 3 7 C 1 
39K 1 В г 
w¿alc(v=o) 
7 .1193 ( 1) 
7.2б793( 7) 
10.26057(10) 
10.62797(10) 
μ' (ν=0) 
exp 
7.1192 ( 1) 
7.2б702( 7) 
10.26065(10) 
10.62013(10) 
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Table 5.3 Values of В « ω , R , a., a 0, and a_ used in the calculations of 
e e e 1 2 3 
• · * 
molecular constants of the alkali-halides. 
6Li 1 9F 
7Li 1 9F 
23 N a 19F 
39K 19F 
8 5 R b 19F 
133 C s 19 F 
7Li 3 5C1 
2 3Na 3 5C1 
39 K 3 5 C 1 
39 K 37 C 1 
8 5Rb 3 5C1 
13 3 C s 3 5 C 1 
7Li 7 9Br 
2 3Na 7 9Br 
3 9 K 7 9 B r 
39 K 81 B r 
7Li 1 2 7I 
2 3Na 1 2 7I 
39K 127! 
Ref. 
WHA 
VEA 
VEA 
VEA 
VEA 
VEA 
LID 
CLO 
CLO 
CLO 
CLO 
CLO 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
63 
65 
65 
65 
65 
65 
6h 
6k 
6k 
6k 
6h 
6h 
62 
62 
62 
62 
62 
62 
62 
В (MHz) 
U523I.OIU9 
U0333.79Q 
1309O.OU2 
8392.31+9 
6315.576 
5527.266 
21181.I 
6537.^06 
З856.385 
37^6.592 
2627.З97 
2161.2U7 
16650.318 
U53U.5658 
2k3k.9h5 
2U15.073 
13286.15 
З5ЗІ.7187 
1O2I+.9778 
ω (cm"1) 
e 
96U.07 
922.0 
536.ІО 
1+26.Oll 
373.27 
З52.56 
641 
36U.6O 
279.OO 
275.80 
233.34 
21U.22 
56З.5 
298.kg 
219.170 
210.271 
U90 
259.2 
106.53 
Re(Ä) 
І.563О9 
І.56386І 
І.926ОЗ2 
2.171554 
2.270435 
2.345462 
2.02067 
2.360898 
2.666772 
2.666771 
2.786865 
2.906411 
2.17042 
2.502OI 
2.82075 
2.O2075 
2.З919І 
2.71143 
3.047Ö1 
ai 
-2.70072 
-2.7239 
-3.1331 
-3.1157 
-3.1347 
-3.0324 
-2.72 
-З.076 
-З.226 
-З.226 
-3.297 
-3.317 
-2.71 
-З.05 
-3.24 
-3.24 
-2.70 
-3.02 
-3.25 
a2 
5.1O6O 
6.60 
6.43 
6.34 
6.50 
5.65 
5.3 
6.47 
6.96 
7.10 
7.08 
6.92 
6.8 
6.5 
6.9 
6.9 
5.0 
5-9 
6.9 
а
з 
- 8.547 
-17.2 
- 9.2 
- 9.6 
-11.4 
- 7.2 
-11.0 
-12.0 
-13.0 
-11.5 
-10.0 
-19 
-12 
-11 
-11 
- 0 
- 8 
-11 
* For the the molecules 6Li 3 5Cl and 6Li 3 7Cl, 6Li 7 9Br J and
 6Li 1 2 7I the same 
values of Β /ω , R , a,, a„, and a_ have been used as for 7Li 3 5Cl, 7Li 7 9Br, 
, 7T.io7Te e e". 1' 2 3 and 'Li 1^!, respectively. 
In view of Sect. 5.3 A. it is surprising, that a set of polarizabilities 
of the halogen ions exist, which confirms the experimental values of all di­
pole moments using Eq.(5-3). Whether this is accidental (KLE 60, HOL 66) or 
not (WIJ 66) cannot be concluded. That the α values depend on vibration as 
given in Eq.(5-17) is very well possible, as they depend on the internuclear 
distance (Sect. 5.3). 
For some alkali-halide molecules we can test the influence of isotopie 
substitution. Using Eq.(5-l6) one can calculate from the dipole moments for 
v=0 and v=1 of one molecule the dipole moment for v=0 for the isotopie mole­
cule. The experimental dipole moments and those calculated from Eq.(5-l6) are 
given in Table 5.5. The dependence of the dipole moments on isotopie substi­
tution is very small and is significant only for the KCl molecule. We find 
agreement with Eq.(5-16) although even for KCl more accurate experimental 
values are needed for an accurate comparison. 
5.7 THE QUADRUPOLE INTERACTION CONSTANTS 
The quadrupole shielding constants can be calculated from the experimental 
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.0 Table 5·6 Experimental quadrupole interaction constants eqQ , the corre-
0 t e X P_ 4 -q 
spending field gradients q. , and the factors * 2eR 3 and 1+3aR 0, 
whose products give the theoretical values q_^  if shielding effects 
are neglected (Eqs.(5-^»5)). The values of γ(exp) which give a fit 
between q_^  and q are compared with calculated values Yœ(th). 
7 L i 1 9 F 
7 L i 3 5 C 1 
7 L i 7 9 B r 
2 3 N a 19 F 
23Na 3 5 c i 
" N a 7 9 B r 
" N a 1 2 7 ! 
3 % 1 5 F 
39K 3 5 C 1 
39K 7 9 B r 
8 5 R t 19 F 
8 5 Rb 3 5 C 1 
1 3 3 C s 19 F 
Gl i 3 5 C 1 
2 3 Na 3 5 C1 
3 9K 3 5 C 1 
8 5 Rb 3 5 C 1 
6 L i 7 9 B r 
23Na 7 9 B r 
39K 7 9 B r 
8 L i l 2 7 I 
" N a 1 2 7 ! 
39K 1 2 7 ! 
REF. 
HER 62 
GOL 6 2 
LOG 52 
LOG 52 
HOL Sk 
COT 53 
COT 53 
COT 53 
WAC бТЪ 
WAC 67b 
FAB ^З 
GRA 6Ta 
TRI 5U 
GRA 65b 
MAR 56 
GOL 62 
WAC бТЪ 
TRI 5U 
HEB 6k 
HON 5^ 
FAB 53 
BRE 65 
HON 5^ 
HON 5k 
0 
e ( l Q
e x p 
(MHz) 
0.1+17 
О.25О 
O.I8U 
0 . 1 7 2 
- 8 Л 9 8 
- 5 .67 
- k.QQ 
- З . 9 6 
- 7 . 9 8 2 
- 5 .695 
- 5 .02 
-7O.76 
- 5 2 . 8 6 
- I.2U5 
- 2 . 8 6 
- 5 .5 
O.IUI 
0 . 8 5 5 
ho 
58 
9 .8 
- 1 9 ^ 
-257 
- 60 
0 
q 
( I 0 l 5 e s e ) 
-O.IU5 
- 0 . 0 8 6 
-O.O6U 
- 0 . 0 5 9 
- I . 0 6 
-O.72 
- O . 6 I 
- 0 . 5 0 
- 1 . 2 3 
-O.87 
- 0 . 7 7 
-3.1+2 
- 2 . 5 5 
-5.7U 
0 . 5 0 
0 . 9 5 
- 0 . 0 2 2 
-0.11+8 
I . 6 7 
2.1+1+ 
0.1+1 
З . 6 0 
I t . 8 0 
1.11+ 
±2eR 3 
e 
( I 0 1 5 e s e ) 
-О.263 
- O . I I 7 
- 0 . 0 9 5 
- 0 . 0 7 1 
-О.ІЗІ+ 
-O.O7I+ 
-O.O62 
-0.01*9 
-O.O9I+ 
- 0 . 0 5 1 
-0.0І+3 
-O.O82 
-0.01+5 
- 0 . 0 7 5 
O . I I 7 
O.O7I+ 
O.O5I 
0.0І+5 
0 . 0 9 5 
О.О62 
0.01+3 
O.O7I 
0.0І+9 
О.ОЗІ+ 
1+3aR 3 
e 
I .U5 
I . 8 2 
1.91 
2 . 0 5 
1.2І+ 
1.51 
I . 6 0 
1.73 
I . I 7 
1.35 
1.1+1 
1.15 
1.31 
1.11+ 
1.01 
1.05 
1.16 
1.22 
1.01 
I.OH 
1.13 
1.00 
1.03 
1.10 
у ( е х р ) 
0 . 6 2 
0 . 5 9 
0 . 6 5 
о . б о 
- 5.U 
- 5Л 
- 5 .2 
- 5.0 
- 1 0 . 2 
- 1 1 . 8 
- 1 1 . 7 
- 3 5 . 3 
-1+2.2 
- 6 6 . 2 
- 3 . 2 
-11 .1 
1.1+ 
3 . 7 
-16 
-38 
- 8 
-50 
-9h 
- 2 9 
i o n 
7 L i + 
2 3
Ы
а
+ 
з
9
к
+ 
8 5 R b + 
1 3 3 c s T 
3 5 с Г 
7 9 B r -
1 2 7 ! -
yjth) 
* 
0 .25 
- 1+.6 
- 1 2 . 5 
-U9 
-105 
-50 
-100 
-175 
The following veLLues (in barns) for the nuclear quadrupole moments have been 
used (LIN 63): 
Q(7Li) = -O.Ol+O; Q(23Na) = 0.11 ; Q ( 3 9 K ) = 0.09; Q(85Rb) = 0.286; 
Q(133 C S)
 =
 _o.o03; Q(35C1) = -O.O8O; Q(79Br) = 0.33; Q( 1 2 7l) = -O.7U. 
* mean values of factors γ (th) given in Table 5-2. 
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values of the quadrupole.interaction constants by using Eqs.(5-^,5,0,13), 
the known values of the quadrupole moments (LIN 63), and the "experimental" 
polarizabilities (Table 5.1+)· In Table 5.6 these values у(ехр) are tabulated 
and compared with the calculated values y^ith). For the alkali ions the 
values of у(ехр) agree reasonably well with the values of Y
oo
(th) of free 
ions. Discrepancies are in fact quite small in view of uncertainties in the 
calculated values γ (th) (Sect. 5.3), in the nuclear quadrupole moments and 
in the polarizabilities. 
The values of у(ехр) for the halide ions are, however, quite different 
from the calculated values γ (th) of free ions and are not constant for one 
CO 
halogen ion in different molecules. Several attempts have been made to 
explain this discrepancy. Introduction of covalency makes the difference even 
worse (DAS 65, WIJ 66), while electron overlap (DAS 65) or second-order di­
polar effects (BUG 62) decrease the discrepancy. 
Quenching of polarizations of the ρ orbitals at the halogen sites has 
been proposed by de Wijn (WIJ 66). He assumes that the perturbation energy 
of the halogen ion due to the presence of the alkali ion in the molecule is 
used to excite only the ρ orbitals and estimates the contribution of this 
excitation to the electric field gradient q. By using in addition the con­
cept of fractional covalent character of the theory of Townes and Dailey 
(TOW 1+9) he gets an agreement between the experimental and theoretical val­
ues of q. Moreover, the concept of quenching of the orbitals leads to values 
for the dipole polarizabilities of the halogen ions which are 2/3 that of the 
free ions, in fairly good agreement with our α values (Tables 5.1 and 5.M. 
As discussed in sections 5.3 and 5.6 it is not so clear why the polariza­
bilities of the halogen ions are the same for different molecules. Also 
the concept of fractional ionic or covalent character is questionable, be­
cause the percentages covalent character are fairly large and give the main 
contribution to q in the Wijn's calculation. Moreover, in order to get 
agreement with experimental dipole moments de Wijn needs percentages ionic 
character which are much larger than the percentages he uses for the fit of 
the quadrupole interaction constants. 
The values of у(ехр) of the different halogen ions show the following 
trend: 
- The difference between у(ехр) and y^th) is the least if the alkali ion 
in the molecule is Na . 
- The largest negative value of у(ехр) is found for Na-halides. 
- All |у(ехр)| values are smaller than the ly^th)] values. 
то 
A quenching of radial excitations and an enhancement of angular exci­
tations, such as 3s •+ 3d in CI (STE 56), would decrease the difference 
between γ (exp) and y (th). To explain the above trend the change of radial 
to angular excitations would have to be minimal for the Na-halides. At the 
moment all speculations of this sort are, however, without any sound justifi­
cation. 
In Table 5.7 the experimentally determined variation of the gradient of 
the electric field 
Aq =
 q (ysi) _ q (v=0) (5-I8) 
^ехр ^ехр ^exp 
is shown together with the corresponding Δπ values obtained from Eqs.(5-^, 
5, 8, 13) using the γ (exp) values of Table 5.6 for v=0 as well as for v=1. 
A fit between Aq and ûq,, requires also a variation of γ (exp) with 
vibration. Writing 
l-γ (exp) = (l-γ (exp))0 + (ΐ-γ (exp))1 (v+i) (5-19) 
one can calculate the values of (l-γ (exp)) giving this fit. These values are 
tabulated in Table 5.7· The relative variation of (ΐ-γ (exp)) with vibration 
is small for the alkali ions, but is rather large (1-30%) for the halogen ions. 
This is an indication, that the halogen ions are influenced much more by the 
presence of the alkali ion in a molecule than predicted from the ionic model 
combined with Sternheimer's theory. 
5.8 THE SPIH-ROTATION INTERACTION CONSTANTS 
The spin-rotation interaction is the interaction of the nuclear spin К 
with the magnetic field produced at nucleus К by all moving charges in the 
molecule. In Sect. 3.3 the interactions of the nuclear spin with the magnetic 
field produced by electrons has been called H(IJ) , that produced by the 
other nucleus H(IJ) . 
In the model of the rigid rotator the Thomas precession gives a negli­
gible contribution and for all diatomic molecules the Thomas precession factor 
γ (Chap. Ill) can be put equal to one (LEE 66c). 
Using the model of the rigid rotator the contribution of the term H(lj) 
for a diatomic molecule to the с constant can be calculated to be (LEE 66c): 
UN SK Z L e B / c r L K 
(5-20) 
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Table 5·7 Dependence of (ΐ-γ(εχρ)) values on vibration required for the fit 
of experimental values Aq = q(v=1 ) - q(v=0) with Aq., · For bcL·.-. 
the у(ехр) values of Table 5.6 have been used for v=0 as well as 
for v=1. 
7Li 1 9F 
"Na 1 9F 
39K 19F 
3
_ік
 3 5
ci 
!1к 7 9Br 
8 5 R b 19F 
8 5Rb 3 5C1 
133
Гя
 19 F 
6Li 3 5C1 
39 K 3 5 C 1 
S5Rb 35 C 1 
6T.-Î 79Br 
39K 79Br 
6Т.-ІІ27Т 
2 3Na 1 2 7I 
Ref. 
HEB 6 2 
HOL 6k 
WAC б7Ъ 
WAC 67b 
FAB 53 
GRA 67a 
TRI 5^ 
GRA 65b 
MAR 56 
WAC 67Ъ 
TRI 5^ 
HEB 6k 
FAB 53 
BRE 65 
HON 5^ 
AeqQ(MHz) 
-0.008 
0.122 
О.О96 
0.053 
0.019 
О.785 
О.З69 
-O.OlU 
-O.UO76 
-O.I588 
-О.162 
2.8U15 
О.98О 
-8.67З 
-U.65 
Aq (I015ese) 
О.ОО28 
0.015 
O.OI5 
Ο.ΟΟΘΙ 
0.0029 
О.ОЗ8 
O.OI8 
О.О65 
O.O705 
О.О275 
0.0281 
0.119 
O.OUl 
O.I62 
О.О87 
Aqth(l0
15
ese) 
0.002І+ 
O.OlU 
0.013 
0.007 
0.002 
0.031 
O.OI6 
0.01*6 
-0.0075 
0.0001 
0.0003 
-0.019 
-0.003 
-o.tAo 
-0.033 
O-Ytexp))1 
-0.001 
-0.006 
-0.010 
-0.016 
-0.01U 
-0.07 
-0.0U 
-0.250 
0.6 
0.5 
0.5 
1.2 
0.9 
2.3 
1.8 
where g^w^ = Мт/І^; μ
τ
 is the magnetic moment of the nucleus under investi-
K N I K 1 
g a t i o n , and Ζ t h e number of protons of the o ther nucleus in t h e molecule. 
The c o n t r i b u t i o n of H(IJ) t o the s p i n - r o t a t i o n i n t e r a c t i o n constant с 
for a diatomic molecule i s in f i r s t order given by (LEE 66c, p . 18, TOW 55, 
p . 215): 
, ,
 eiJN - е К ( ? І К Х Л К 
<Ψ_Ι — r I — : 
i ,К ( F i K ) : 
І,К 
ψ
ο Ι
( ?
ί Κ
Γ 3 |
^
> < ψ 
Ψ.
5, 
eu 
(5-21) 
Ν g
v
(?.„χν. )Л |ψ
Λ
> = 0 
о ^о' с
 0
Κ
4
 ІК ι' К '
r
o 
where ψ stands for the wave function of the electronic ground state. The last 
0 
matrix element in Eq.(5-21) is zero (DYM 66, p. 20). The approximation made 
in Eq.(5-2l) may, however, be incorrect. In this case one can only say that 
the left side of Eq.(5-21) cannot be written in the form с I.J and is probably 
unimportant for the explanation of measured spin-rotation interaction constants. 
In second order (see Eq.(3-5)) the term H(lj) gives the following contri­
bution to the spin-rotation interaction constant с (LEE 66c, p. 22): 
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^е
 к
В 
me 
ΣΙ (νί(η)-ν(0))-1[<ψ
 n
\Y.(r. χρ ) | ψ ><φ \Υ_ 
η^η ~=v -,Γ L ο . ÍK. ι g η η . n#0,g x,y 
i L ( r i K )
3 
iK r i 
iK ^і 
(?. ) 3 
Ivi 
ι ν
+ 
(5-22) 
The matrix elements in Eq.(5-22) can be estimated (FLY 6h) if the wave 
functions are known as linear combination of atomic orbitals. In this approxi­
mation a fixed value, the ionization energy, is taken for the different values 
W(n)-W(0). Moreover, (r.„)~3 is factorized as in Eq,. (5-21) and for <(r.TJ~
3
> the 
In. IK 
mean value of (r. ) of an atomic orbital is taken. A rather easily calcu­
lable expression can be obtained for the с constants (FLY 6U, LEE 66c) if in 
addition the multi center orbitals are limited to the K-th nucleus. In view 
of the many approximations the results are reasonable, giving agreement with 
experimental с values within a factor of seven for HF and DF, and within 20% 
for the molecule F 2 (FLY 61+, LEE 66c). 
Recent perturbed Hartree-Fock calculations show that good results can be 
obtained for several molecular constants including the spin-rotation inter­
action constants of LiH and LiF, leaving only a difference of 5-10$ between 
the experimental and calculated values (STE 6Ца, STE 6kb). 
In the ionic model of alkali-halides one can assume that the electronic 
contribution to the с constant for a nucleus К comes from the spherical shells 
к. 
of electrons around both nuclei. The spherical shells of electrons around 
nucleus К do not contribute to the с constant as these electrons do not pos­
sess angular momentum about this nucleus. To calculate the contribution of the 
spherical shells of electrons around nucleus L (L ¿ К) one can concentrate 
their charges at nucleus L (TOW 55, p. 215). It turns out that calculation of 
the с constants in this way gives far too small values. Evidently, excitation 
of electrons is mainly responsible for the experimentally found с constants. 
As discussed above an estimate of the contribution of Eq.(5-22) to the 
с constant is only possible with crude approximations, which give rather in­
accurate results. In view of Eq.(5-22) the contribution of excited electrons 
will be proportional to g^· As the ionization energies of the alkali-halides 
are not known, we try to approximate the factors (W(n)-W(O)) by the ioni­
zation energy I . of the alkali atom in question. The contribution of excited 
аъ 
electrons will be zero if there is no excitation at all, and about zero if 
only radial excitations occur. Without excitation of core electrons the dipole 
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moment of the molecule is eR . With radial excitations only, the quadrupole 
shielding factors of the ions in the molecule will be approximately equal to 
the calculated values γ (th) given in Table 5.6. The contribution of electronic 
excitation to the с constant can thus be put to be a function of: 
eR - L 0 and g„E/l , 
e exp К at 
or of: 
Y^th) -γ (exp) and gKB/l 
A reasonable fit with experimental с values of the halogen nuclei require 
that the contribution of excited electrons to the с constants is written as: 
0 
eR - ι. g В 
с' = 30.lt χ 10" —1 2Ξ1 . -Д- kHz (5-23) 
exc e I . 
at 
a formula already given by de Leeuw (LEE 66c) or as: 
| yjth) -γ (exp) !2 g В 
с" = 15.2 χ IO6 τ—τ . R . - ^ k H z (5-24) 
exc γ (th) e l , 
^ at 
where R in А, В in MHz, and I in eV. The numerical constants of Eqs.(5-23, 
Q cLb 
2k) have been chosen such, that с' equals с" for LiF and that the best 
exc exc 
fit between the values of с and c' is obtained. The values of c' and 
exc Q exc exc 
c" have been calculated using μ , γ (th) and γ (exp) from Tables 5·^ and 
exc
 ь
 exp' « ^ 
5.6, respectively, and for В (Table 5.3), gTr (LIÎI бЗ) and I (HOD 62) the 
K. at 
values from literature. To compare these values with experiments the amounts 
of the other nucleus and the closed shell electrons to the с constant (c ) 
have to be substracted from the experimental с values (c ). These two 
exp 
amounts are calculated for the K-th nucleus by replacing Ζ e of Eq.(5-20) by 
L 
+e or -e for an alkali- or halogen nucleus L, respectively. In Table 5.8 the 
values of с = с - c„T are compared with c
1
 (Eq.(5-23)) and c" (Eq. 
exc exp N exc exc 
(5-24)). The agreement is generally good, the most serious descrepancy exists 
for the molecule NaF. It is not clear at all why the functions given in Eqs. 
(5-23) and (5-2U) produce nearly the same results. 
For the spin-rotation interaction constants at the alkali sites less 
values are available and no attempt has been made to find formulae similar to 
Eqs.(5-23,24). In Table 5.9 the experimental с constants are listed together 
with the c,T values (Eq.(5-20)) and values of с = с -с,,. N exc exp Ν 
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Table 5·8 Experimental values of the spin-rotation interaction constants at 
the halogen sites (с ) of the calculated contributions of the 
exp 
alkali nucleus and closed shell electrons (c ), and of the con­
exo ' 
tributions due to excitation of electrons (с = с - с,). 
exc exp Ν 
The values calculated with Eqs. (5-23,21+), c' and c" , has to be 
41
 ' ' exc exc' 
compared with the с values. All numbers are in kHz. 
^ exc 
6 L i 1 9 F 
2 3 N a 1 9 F 
3 9 K 1 9 F 
8 5 R b 19], 
1 3 3 C s 1 9 F 
6 L i 3 5 C 1 
2 3 N a 3 5 C 1 
3 9 K 3 5 C 1 
13 3 C s 3 5 C 1 
6 L i ^ЪГ 
Э9
К
 7 9
В г 
6 L i 1 2 7 I 
Ref. 
WHA 61+ 
GRA 65a 
WAG 67b 
GRA 67a 
GRA 65b 
MAR 56 
WAG 67b 
HEB 61+ 
BRE 65 
с 
exp 
36.31 
2 . 2 
IO.69 
10.1+2 
ІІ+.9І+ 
2 .07 
0.1+ 
9 . 2 
7 . 7 
С
тч 
N 
-2.3І+ 
- 0 . 5 5 
- 0 . 3 1 
- 0 . 2 2 
- O . I 9 
- 0 . 1 0 
- 0 . 0 1 
- O . I 9 
- 0 . 1 1 
с 
exc 
З 8 . 6 5 
2 . 7 5 
11.00 
10.61+ 
15.13 
2 .17 
0.1+1 
9 .39 
7 .81 
с
 + 
exc 
3 0 . 5 
9 .6 
12.1 
12.1 
I6.I+ 
3 .6 
1.05 
0 .30 
0 . 9 3 
8.00 
1.1+3 
7 .20 
c»
 + 
exc 
3 0 . 5 
10.1+ 
12.9 
11.3 
2 .7 
0 . 8 
1.1 
10.1 
2 . 9 
9 .2 
Table 5.9 Experimental values of 
the spin-rotation interaction con­
stants at the alkali sites с , of 
exp 
the calculated contributions of 
the halogen nucleus and closed 
shell electrons (c ), and of the 
exc ' 
Table 5.IO Experimental values of the 
direct spin-spin interaction constant 
d (exp) compared with the values d (c) 
calculated with Eq.(5-25). Also the 
experimental values d (exp) of the 
electron coupled spin-spin interaction 
contributions due to excitation of are given. All numbers are in kHzï 
electrons (c = с - с^). All 
exc exp N 
numbers are in kHz. 
6 L i 1 9 F 
2 3 N a 1 9 F 
3 9 K 1 9 F 
3 9 K 3 5 C 1 
8 5 R b 1 9 F 
8 5 R b 3 5 C l 
1 3 3 C s 1 9 F 
Ref. 
WHA 61+ 
GRA 65a 
WAG 67b 
WAG 67a 
GRA 67a 
TRI 5I* 
GRA 65b 
с 
exp 
О.765 
1.7 
0 .35 
0 .27 
0.1+8 
0 . 3 
0.61+ 
c „ 
N 
2,31+ 
0 .55 
0.31 
0.01 
0 .22 
0.01 
0 .19 
с 
exc 
- 1 . 5 7 
1.15 
0.0І+ 
0 .26 
О.26 
0.30 
0.1+5 
6 L i 1 9 F 
2 3 N a 1 9 F 
3 9 K 1 9 F 
8 5 R b 1 9 F 
1 3 3 C s 1 9 F 
3 9 K 3 5 C 1 
Ref. 
WHA 61+ 
HOL 61+ 
WAG 67b 
GRA 67a 
GRA 67b 
WAG бТЪ 
d T ( e x p ) 
1+.31( 1) 
3 . 3 5 ( 2 5 ) 
0.1+2( 6) 
0 . 6 9 ( 2 2 ) 
0 .9MU+) 
0 . 5 0 ( 2 3 ) 
«У
е ) 
1+.35 
1+.16 
0.51 
0 . 9 3 
1.11* 
0 . 0 3 
d (exp) 
S 
0 . 0 8 0 ( 1 5 ) 
О.Зб (23) 
О.Об (20) 
<o.i* 
<5 
- 0 . 3 0 ( 2 3 ) 
•The used nuclear g-factors (LIN 63) are: 
g(19F)=5.257, g(35Cl)=0.5l+3, g(79Br) = 1 .l+OU, g( 1 2 7l) = 1.123, g(6Li)=0.322, 
g(23Na) = 1.1+70, g(39K)=0.26l, g( 85Rb)=0.51+1, g( l 33Cs )=0.737 
t The used I ^ values (in eV) are (HOD 62): 
at 
l(Li) = 5.363, l(Na)=5.12, l(K)=U.3lO, l(Rb)=l+. 159, l(Cs)=3.37. 
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The spin-rotation interaction constants can be related to the molecular 
g-factors (WHI 55) and more rigorously to the paramagnetic part σ ρ of the mag­
netic shielding constant (RAM 56, PIN 6l, KER 62). For a discussion of magnetic 
shielding factors and susceptibilities we refer to the literature (RAM 56, 
SCH 6l, DRE 6l, FLY 6k, GRA 67a). Accurate measurements of these magnetic hyper-
fine constants exist for the alkali-fluorides (GRA 67a), but not for other al­
le ali-halides. 
5.9 THE SPIN-SPIN INTERACTION CONSTANTS 
The direct spin-spin interaction constant can be deduced from the classi­
cal hyperfine Hamiltonian of Eq.(3-8): 
¿T = 6^2 Pj <R"3> (5-25) 
where g and gp are the g-factors of the two nuclei in the molecule, <R 3> is 
the mean value of R 3, and R is the instantaneous distance between the two 
nuclei. 
The experimental values of d and the values calculated from Eq.(5-25) 
are collected in Table 5.10. The value of <R 3> is taken equal to R 3, because 
the latter values differ from <R 3> by less than 1$. It turns out that all 
experimental values are slightly smaller than the corresponding calculated ones 
with the exception of KCl for which a considerable discrepancy is found. 
The experimental values of the indirect spin-spin interaction constants 
d are also tabulated in Table 5·10. They all are very small. Till now, only 
for TIF, a molecule similar to an alkali-halide, a considerable value for d 
' s 
has been reported: d = - 13-35 kHz (BOE 61*). 
5.10 CONCLUSIONS 
The ionic model is clearly too simple a starting point in the explanation 
of molecular constants, as effects of overlap are neglected entirely. Never-
theless , this model has been used to explain measured dipole moments and 
quadrupole interaction constants of the alkali-halides. The reason for this 
is the lack of accurate wave functions or of a better model. However, the 
ionic model is probably preferable over other models, as the bonding in alkali-
halide molecules is strongly ionic. 
The ionic model explains the experimental values of the dipole moments 
fairly well. The polarizabilities, as used in this model, are about 6θ% of the 
values calculated for free ions. Qualitatively these changes in polarizabili-
76 
ties can be explained. The polarizability of a halogen ion fitting the model 
with experiment turns out to be nearly independent of the alkali partner in 
the molecule. This may be accidental. The vibrational dependence of the dipole 
moments can be explained using known molecular potential constants and 
adopting a slight dependence of the polarizabilities of the halogen ions on 
vibration. This dependence on vibration is again an indication that the polari-
zability of a halogen ion (as part of a molecule) is different from that of a 
free ion. Within experimental accuracy, the dependence of the dipole moment 
on isotopie substitution accords with its vibrational dependence. 
The combination of the ionic model and Sternheimer's theory on anti-
shielding of the nuclear quadrupole moment by the core electrons accounts 
fairly well for the experimental values of the quadrupole interaction constants 
at the alkali sites. This theory fails to predict the quadrupole interaction 
constants at the halogen sites if one uses the quadrupole shielding factors 
for the free halogen ions. Much smaller absolute values for the shielding 
factors |γ (th) I of the halopen ions are necessary to fit theory and ехтэегі-
1
 CO ^ * 
ment. Recent calculations of shielding factors of the CI ion (STE 66) show 
a tendency to smaller ly^Cth)! values. However, the large discrepancies cannot 
be explained as yet. The vibrational dependence of the quadrupole interaction 
constants can be explained only if one accepts a dependence of the shielding 
factors on vibration. For the alkali ions this dependence has to be small, but 
a strong dependence on vibration has to be accepted for the halogen ions. 
It is difficult to predict the influence of overlap and covalency. Recent 
calculations on KCl (DAS 65) show that overlap effects alter the calculated 
value of the quadrupole interaction constant of the Cl-nucleus in the right 
direction, whereas charge-transfer covalency increases disagreement with 
experiment. However, to remove the discrepancies more rigorous calculations 
are necessary. 
It is possible to give simple emperical formulae which describe the 
experimental values of the spin-rotation interaction constants. Physical 
interpretation of these formulae cannot, however, be given until accurate 
wave functions are found and extensive calculations have been made. 
Concluding we might say, that an alkali-halide molecule consists of a 
nearly spherical alkali ion and a deformed halide ion. Discrepancies of the 
ionic model with experiment are partly due to the inadequate description of 
the deformation of the electron cloud around a halogei* -nucleus. Extensive 
calculations are necessary and desirable to explain this deformation in view 
of available accurate experimental data. 
A P P E N D I X 
MATRIX ELEMENTS FOR J = l, 1 , = ^ = 3 2 
WITH THE STARK-PERTURBED EIGENFLNCTIONS AS BASE FUNCTIONS 
Matrix elements are zero i f s t a t e s with d i f f e r e n t M = M + IL + VL 
are connected. Accordingly, t h e elements a r e given for t h e d i f f e r e n t M blocks: 
M = 0, 1, 2, 3 , and It. As mentioned in Sect . 3 .6 , neglected terms a r e : 
1. Diagonal terms of order ( u E ) 8 / ( h B ) 7 , (eqQ)(μΕ/hB) 6, and c(pE/hB) 2 , where 
с s tands for an a r b i t r a r y hyperfine constant d i f f e r e n t from eqQ. 
2. Non-diagonal terms of order (eqQ) (μΕ/hB)*· and c(uE/hB) 2 . 
3. Terms r e s p o n s i b l e for t h e connection of d i f f e r e n t J s t a t e s by t h e quadru-
pole opera tor of order (eqQ)2/1000hB. 
The symbols used for t h e hyperfine constants are given in Chaps. I and 
I I I , while В i s t h e r o t a t i o n a l constant and β = M2E2/20hB. I f μ i n Debye, 
E in V/cm, and В in kHz, then β = 253ί+59.3 μ2Ε2/20Β kHz. To the diagonal 
elements one has t o add t h e amounts given below each row of the given 
m a t r i c e s . The used functions are defined by: 
F(1) = 19ß2/11t0hB - l66lß3 /37800h2B2 
F(2) = -lU6ß2/35hB + 52U96ß3A725h2B2 - 9б051098вц/25ЬбТТ5Ь3В3 
F(3) = 2Tß(eqQ1)/T00hB - 2113ß2(eqQ1)/126000h2B2 
F(U) = 27ß(eqQ2)/T00hB - 2113ß2(eqQ2)/l26000h2B2 
F(5) = -111ß(eqQ1)/350hB + l6393ß2(eqQ1)/l5750h2B2 
F(6) = -111ß(eqQ2)/350hB + l6393ß2(eqQ2)/15750h2B2 
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SUMMARY 
The results of the present investigation are the precise determinations 
of dipole moments and hyperfine constants of KF and KCl. The molecule KF had 
been measured many times before by MBER and served as a test case of the pre-
sent spectrometer. Rabi's group investigated the molecule KCl once before. 
This molecule is interesting because of the very small quadrupole interaction 
constant of the Cl-nucleus and because of the relatively large difference 
between the dipole moments of 39K35C1 and 39K37C1. The values of the dipole 
moments and of some quadrupole interaction constants, as determined by Rabi's 
group, did not seem correct. Therefore, the molecular constants of KCl have 
been reinvestigated. 
Chapter I serves as an introduction to molecular-beam experiments and 
more specifically to MBER measurements. A description of the spectrometer used 
for the present experiments is given in Chapter II, while Chapter III surveys 
the theory used for the interpretation of experimental results. Measurements 
and results on KF and KCl are presented in Chapter IV. Chapter V deals with 
all MBER results up till now and discusses the ionic model extensively. 
The relatively high beam intensity in our experiments has permitted 
the determination of constants for the first six vibrational levels of 39K19F 
and for the ground vibrational level of ^ K ^ F . The values of the hyperfine 
constants for the first three vibrational levels of 39K19F accord with the 
values given by the Bonn group. Our values for the dipole moments differ, 
however, approximately 0.1 % from former values. 
The present values for the dipole moments of KCl differ more than 2% 
from the values given by Lee et al. However, our values nearly coincide with 
Hollowell's values. We determined the quadrupole interaction constants with 
far greater accuracy than did Lee et al. The present values for the other 
hyperfine constants are rather small and have relatively poor accuracy. 
From Chapter V it follows that the ionic model is too simple for the 
explanation of measured constants of the alkali-halides. The model accounts 
fairly well for the dipole moments. The values for the quadrupole interaction 
constants at the alkali sites are in accordance with the values calculated 
from the ionic model. This is not the case for these constants at the halogen 
sites in the alkali-halides. The vibrational dependence of the dipole moments 
and of the quadrupole interaction constants require a dependence of the ionic 
polarizabilities and shielding factors on vibration. The dependence of the 
dipole moments on isotopie substitution seems in accordance with theory. Two 
empirical formulae are presented in Chapter V; these explain the measured 
spin-rotation interaction constants fairly well. The measured values for the 
direct spin-spin interaction constants for several of the alkali-halides are 
slightly smaller than the calculated ones. 
SAMENVATTING 
Het resultaat van dit onderzoek is de nauwkeurige bepaling van dipool 
momenten en hyperfijne konstanten van KF en KCl. Het KF molekuul is reeds 
vele malen eerder gemeten en heeft gediend om de in dit proefschrift beschre­
ven spektrometer te testen; KCl is eenmaal eerder onderzocht en wel door de 
groep van Rabi. Het KCl molekuul is interessant vanwege de zeer kleine kwadru-
pool interaktie konstante van de Cl-kern en het relatief grote verschil tussen 
de dipool momenten van 3 yK 3 5Cl en 3 9K 3 7C1. De door Rabi's groep bepaalde waar­
den van de dipool momenten en enkele kwadrupool interaktie konstanten leken 
niet juist. Hierom zijn opnieuw precisie metingen aan het KCl molekuul verricht. 
In hoofdstuk I wordt een inleiding over molekulaire bundel eksperimen-
ten gegeven. Hierbij wordt speciale aandacht geschonken aan MBER metingen. In 
hoofdstuk II wordt de gebouwde spektrometer beschreven, terwijl hoofdstuk III 
de voor de interpretatie van de eksperimentele resultaten gebruikte theorie 
bevat. Metingen en resultaten worden in hoofdstuk IV behandeld. In hoofdstuk V, 
tenslotte, worden alle tot nu toe verkregen MBER resultaten van de alkali-
halogeniden onderling vergeleken en het ionen model wordt uitvoerig besproken. 
De bepaling van konstanten voor de eerste zes vibratie niveau's van 
3 і )
К
1 а
Р en voor het grond vibratie niveau van ^ K 1 3 ? was mogelijk dank zij de 
relatief hoge bundel intensiteit gedurende de metingen. De waarden van de hy­
perfijne konstanten voor de eerste drie vibratie niveau's van 39K1'3F stemmen 
goed overeen met de resultaten van de Bonn groep. Onze waarden voor de dipool 
momenten verschillen echter 0.]% van eerdere resultaten. 
De thans bepaalde waarden voor de dipool momenten van KCl verschillen 
2% van die van Lee et al. Onze waarden zijn echter bijna identiek met de pas 
door Hollowell bepaalde waarden voor de eerste twee vibratie niveau's van 
3
^K 3 5C1. De kwadrupool interaktie konstanten zijn nu veel nauwkeuriger bepaald 
dan door Lee et al. De thans voor het eerst bepaalde waarden van de andere 
hyperfijn konstanten zijn erg klein en hebben een relatief grote onnauwkeurig­
heid. 
De konklusie van hoofdstuk V is, dat het ionen model te eenvoudig is 
om de precieze meetresultaten van de alkali-halogeniden te kunnen beschrijven. 
Het model verklaart redelijk goed de gemeten dipool momenten. De waarden voor 
de kwadrupool interaktie konstanten van de alkali nuclei zijn in overeenstem­
ming met het ionen model. Dit is niet het geval voor de kwadrupool interaktie 
konstanten van de halogeen nuclei in de alkali-halogeniden. De vibratie af­
hankelijkheid van de dipool momenten en van de kwadrupool interaktie konstan-
ten kan alleen met het model verklaard worden indien de polariseerbaarheden 
en de afschermings faktoren van de ionen vibratie afhankelijk zijn. Het ver-
schil tussen de dipool momenten van 3:3K35C1 en van 39K37C1 is in overeenstem-
ming met de verwachting. De gemeten waarden van de spin-rotatie interaktie 
konstanten worden redelijk goed door empirische formules beschreven. De geme-
ten waarden van de direkte spin-spin interaktie konstanten zijn in het alge-
meen iets kleiner dan de berekende waarden. 
Aan het einde gekomen van dit proefschrift wil ik graag diegenen ver-
melden, die op enigerlei wijze een aandeel gehad hebhen in het tot stand komen 
van dit proefschrift. 
In de eerste plaats wil ik de Heer L.H. Hendriks vermelden. Leo, ik 
dank je behalve voor de uitstekende technische hulp, ook voor het vele 
"ondankbare" routine werk. 
Drs. F.H. de Leeuw ben ik vooral dankbaar voor het vele reken-
en computer werk. Frans, zonder jouw hulp zaten er nog fouten in de uit-
drukkingen voor de vele matrix elementen. 
Dr. J. Reuss wil ik bedanken voor de vele stimulerende gesprekken. 
Jörg, ik heb het als een voorrecht beschouwd lange tijd met jou een kamer 
gedeeld te hebben alwaar vele van mijn problemen besproken zijn. 
I wish to thank Dr. G. Graff for his hospitality and the fruitful 
discussions I had with him regarding molecular-beam electric-resonance 
techniques. 
De Heer F. de Weerdt heeft veel bijgedragen in de opbouw van de 
apparatuur. 
Ik ben Mia Hoogenboom zeer erkentelijk voor het vele type werk, en 
ook Mej. H.H. Bijmans ben ik dankbaar voor haar bijdrage hierin. 
De prettige samenwerking met de leden der Werkgroep voor Atoom- en 
Molecuulfysica is mij steeds tot grote steun geweest. 
De dienstverlenende afdelingen wil ik graag bedanken in de personen 
van de Heren J.G.M, van Langen en J.J.M, van Bommel. 
De Heren J. Gerritsen en H.J.M. Spruyt zorgden respectievelijk voor 
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STELLINGEN 
1. Om tot een betere interpretatie van de experimentele waarden van de di-
pool momenten van de alkali-halogeniden te komen dan. tot nu toe, is het 
noodzakelijk, dat elke nieuwe meting van een dipool moment gekoppeld 
wordt aan de dipool moment bepaling van een standaard molecuul, bij 
voorbeeld LiF of KF. 
2. Het verdient aanbeveling de overgangswaarschijnlijkheid tussen twee ener­
gie niveaus, in aanwezigheid van nabij liggende energie niveaus, numeriek 
te bestuderen. 
3. De bepaling van de structuur van het kation gevormd uit (thio) ureum en 
een proton met behulp van infrarood spectroscopie alleen is niet eendui­
dig. 
M.J. Janssen, Spectrochimica Acta IJ, 1+75 (I96l) 
E. Spinner, Spectrochimica Acta 15, 95 (1959). 
k. De bepaling van uitwisselingsstroomdichtheden van snelle electro-chemi-
sche electroden reacties met behulp van een Laplace transformatie is 
zonder kennis van de dubbellaag capaciteit, zoals voorgesteld door 
E. Poirier d'Ange d'Orsay, niet mogelijk. 
E. Poirier d'Ange d'Orsay, Comptes rendus 2б0, 5266 (19б5). 
5. De met behulp van het de Haas van Alphen effect aan wit tin gemeten 
oscillatie (K ), waarvan de frequentie de som is van frequenties van een 
vierde (K ) en een zesde (C ) zone oscillatie, kan niet verklaard worden 
uit magnetische break down, zoals voorgesteld is door Stafleu. 
M.D. Stafleu, proefschrift, Nijmegen (1967). 
6. De door 0. Glasser en anderen gegeven uitdrukking: 
Cf = 4mb pb - ^ еті рі ) {0-Л- } Xi * 1 0 2> 
Ρ s 
als quantitatieve uitdrukking voor het contrast van een afbeelding van 
een klein object op het doorlichtingsscherm, geeft aanleiding tot ver­
keerde vaarden voor het contrast. 
0. Glasser, E.H. Quimby, L.S. Taylor, J.L. Weathervrax en 
R.H. Morgan, "Physical Foundations of Radiology", 
Harper en Rov, New York, 3e druk, p. 157 (1963). 
7« Momenteel zou de beste informatie over sommige kern golffuncties verkre­
gen kunnen worden uit spectroscopische metingen aan moleculaire bundels. 
8. De uitkomsten van de integralen ЗЗ^-^а, ЗЗ^-^Ъ en 33h-5b uit het tabel­
lenboek van Gröbner en Hofreiter zijn onjuist. Bij voorbeeld, de uit-
komst van de integraal 33^-ba: ƒsin(ax2+2bx+c)dx wordt voor a>0 niet 
gegeven door l w— sin(r+ ), maar door 
waarbij S(y— γ-) en C(\i- -^) in vergelijkingen 33^-1 en 33^-2 van genoemd 
boek gedefinieerd zijn. 
W. Gröbner en N. Hofreiter, "Integraltafel, bestimmte Integrale", 
Springer-Verlag, Wien, 3e druk (1961). 
9. Het verdient aanbeveling universiteitsbibliotheken ook tussen de middag 
en 's avonds voor studenten en leden der wetenschappelijke staf open te 
stellen. 
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